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LEGAL NOTICE
This report was prepared as an account of Government sponsored work.
Neither the United States, nor the National Aeronautics and Space Administra-
tion (NASA), nor any person acting on behalf of NASA:
A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, apparatus,
method, or process disclosed in this report may not infringe privately
owned rights, or
B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus, method
or process disclosed in this report.
As used in the above, "person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor, to the
extent that such employee or contractor of NASA, or employee of such con-
tractor prepares, disseminates, or provides access to, any information
pursuant to his employment or contract with NASA, or his employment with
such contractor.
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ABSTRACT
The ATS-F satellite will carry two cesium ion thrusters. Cesium is a
material that is not present in the upper atmosphere, and there is concern
that the introduction of this material may result in some unexpected behavior.
A study has been conducted to assess the magnitude of the effects that are to
be expected. No observable effects were found as a result of the study. Con-
sideration was given to the origin and destination of the material and the vari-
ous reactions that could occur. The origin was considered to be anywhere
in space from altitudes of about 100 km upward. The probable short term
destination is in the form of cesium ions trapped in the earth's magnetic field
or as ions and atoms in the heterosphere. The maximum possible number of
cesium atgms in the field of view of an earth based observer is of the order
of 10 6 /cm-, far too few to be observable by visible, near-visible, or radio-
frequency means. Further, no phenomena could be found that would result
in the occurance of an observable event.
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1. INTRODUCTION
For many years man has been inserting material into the upper atmos-
phere. Recently, with the advent of rockets, the quantities inserted have
grown drastically and the material has been injected directly into the atmos-
phere a hundred or more miles above the surface. In many instances, the
material so inserted has not been of too great a concern because it already
is there in far greater quantities in a natural form. (There appears to be
some justification for the argument that this is not a sufficient reason for
the insertion to be assumed safe. For example, water vapor is present
in the atmosphere in large quantities, but the addition of water which forms
high clouds has been of concern to a number of writers.) In other instances,
and the insertion of cesium is one of these, the material is not in the atmos-
phere in the natural form in the concentration that would result from its
artificial insertion, and its addition may introduce unexpected phenomena.
This report presents the results of a study which covers cesium introduced
to the upper environment of the earth by ion thrusters.
The easiest aspect of the study is the one pertaining to a potential health
hazard. The quantities of cesium introduced via ion thrusters cannot cause
a health hazard. They are too slight to be of concern. Aside from the tech-
nical backup for this conclusion (see Appendix III. 6), no further discussion
will be devoted to this topic.
The behavior of cesium injected into the atmosphere will depend, in
part, upon the injection point. The reasons for this pertain to the phenomena
which exist several hundred or more miles above the earth's surface. (For
the reader who is not familiar with this topic, Section 2 will be devoted to a
short discussion of the behavior. Further information is presented in
Appendix I from the aspect of the behavior of charged particles and in Appendix
III with respect to other information.) The expected observable behavior, if
any exists, will be of an optical or a radio wave interaction nature. These
aspects are discussed in detail in the Appendices, and briefly in Section 2.
The reader who is familiar with these topics may go directly to Section 3.
None of the results of the study will be presented in Section 2.
2. BACKGROUND
2.1 REGIONS OF THE UPPER ATMOSPHERE. The earth's atmosphere
is divided into a number of regions depending upon the topic under discussion
and the phenomena that take place as a function of altitude. For example,
if one is concerned with chemical reactions, then the chemosphere is refer-
red to. This is simply the region up to about 120 km (75 mi) in which most
of the chemical reactions take place. Above this, the density is slight, and
the reaction rate is low (although important processes also may occur above
120 km).
If the area of concern is composition oriented, then the atmosphere may
be divided basically into two regions, the homosphere and the heterosphere.
The former extends to an altitude of about 60 mi and, as its name implies,
is characterized by a region of uniform composition. The latter extends upward
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from the homosphere and is characterized by little mixing between the con-
stituents. In the heterosphere, the composition changes with altitude. The
atoms and molecules basically are distributed according to their masses due
to the effect of gravity. The heavier species tend to predominate at the lower
altitudes. Atoms such as oxygen, helium, and hydrogen (in that order with
increasing altitude) dominate in the higher regions. From an altitude of about
500 mi outward, the mean free path of a particle is greater than 100 mi, and
an atom or molecule with the necessary velocity vector can escape the earth.
Light atoms or molecules can escape the earth more readily than heavier
ones because, if everything else is equal, the former have longer mean free
paths. Therefore the lowest altitudes at which this escape mechanism is
important is not well defined, but appears to be in the region of 300 to 600 mi.
Note that this behavior is restricted to neutral particles. Those which carry
a charge will behave in a much different manner because of the influence of
the earth's magnetic field.
Material at low altitudes will exist principally as atomic or molecular
species. As altitude is increased, the proportion of the molecular species
will tend to lessen, and the proportional quantities of atomic and ionized species
will become greater. At altitudes of several hundred miles, the relative quan-
tity of the ionized species is high. The energy necessary for ionization normally
will be present in the form of sunlight and there will be a low probability of
recombination with an electron, in part because of the low density of ions and
electrons and in part because of the energetics. An atom and an electron
that does interact will have more than enough energy to fly apart again and
some of this energy must be eliminated in order for the neutral atom to retain
the electron.
2. 2- BEHAVIOR OF MATERIAL AT HIGH ALTITUDES. Material released
at altitudes greater than several hundred miles will behave drastically dif-
ferently, depending upon whether it ionized or neutral. Ionized material will
be affected by the earth's magnetic field and may be trapped at high altitudes
for years. On the other hand, neutral material will travel for many miles
before undergoing an interaction with another particle (on the average) and,
if it has sufficient velocity, may escape the earth's environment altogether.
If it reaches a low enough altitude that it has a high probability of undergoing
collisions, then it will become trapped in the earth's atmosphere and settle
out at a rate that is in part dependent upon its mass.
The earth's magnetic field converges in the vicinity of the north and
south poles. Basic physics will show that a charged particle in a magnetic
field will travel a spiral path as it moves along a field line. If the field is
converging, then the particle will execute a spiral of decreasing radius and,
if the effect becomes strong enough, the net direction of the particle will
reverse and it will begin to travel in the direction of diverging field strength.
In the earth's magnetic field, this means that the charged particle can execute
a movement from the vicinity of one pole to that of the other. The point of
reversal is referred to as the "mirror point". Whether a particle becomes
trapped or not depends upon its injection direction. For the most part,
energetics do not enter into the picture because the particles do not possess
enough energy to cross magnetic lines and they therefore must travel along
them. If the injection angle is not favorable, then the mirror point will occur
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at a point low enough in the atmosphere that there will be a high probability
of an interaction with an environmental particle and the charged particle
therefore will have a short life.
Of course, this is an idealized discussion. The actual magnetic field
of the earth is not uniform with respect to position on the surface nor is it
uniform with respect to the sun. There are changes with respect to the sur-
face that are not predicted for a uniformly magnetized sphere for reasons
that are not fully understood and which will not be of concern here. The
effect of the solar wind also has a strong effect upon the magnetic field and
will dominate at a distance of about ten earth radii in the direction of the
sun. On the side away from the sun the magnetic field is swept out to
distances of several hundred earth radii. These effects will change the
behavior of charged particles located a long distance from the earth.
Neutral material released at high altitudes within the magnetic field
of the earth will, as previously noted, not be affected by the field as long as
it remains neutral. However, the sunlight intensity is great enough that
many atoms will have a high probability of being ionized by interacting with
a photon from the sun. When this occurs, there is a good chance that the atom
will remain ionized because the probability of a collision with an electron
that results in capture of the electron will be low. Therefore, the particle
will behave just as though it were ionized in the first place provided its vel-
ocity and direction are comparable to the directly produced ions when the event
occurs.
2.3 INTERACTION WITH PHOTONS. Ionization of material via interaction
with photons from the sun was mentioned in the previous subsection. This
event occurs when a photon of sufficient energy is absorbed by an atom. A
portion of the energy is transferred to the outermost orbital electron and the
electron energy becomes so high that it cannot be retained by the attractive
forces which exist between the nucleus and the electron. The electron there-
fore escapes carrying a negative charge with it. The remaining portion of
the atom will retain a positive charge. For each electron that is ejected from
an atom by this process, a certain unique amount of energy is required. The
energy that is available beyond the amount utilized in the ejection process can
be given to the electron in the form of kinetic energy or can be retained within
the atom (or both). In the latter instance the atom will remain in an excited
state and normally will return to the ground state via the emission of a low
energy photon or by interaction with another particle.
The behavior is very different if the incoming photon does not have enough
energy to eject an electron from the atom. Orbital electrons may exist only
in certain allowed energy levels within an atom. No levels are possible between
these allowed states. Therefore, for an electron to move from one allowed
state to another requires that the necessary precise quantity of energy be
available; no more and no less. An incoming photon with just the right amount
of energy for jumping an electron from one allowed level to another can inter-
act and be absorbed in the process. If it possesses a different amount of
energy, an interaction is not possible and the photon will behave just as though
the atom were not there; the atom will be completely transparent. This im-
plies that absorption is a line process, and indeed for practical purposes, this
3
is the case. However, the lines are of a finite width because of many effects,
such as the velocity of the atom relative to the incoming photon and the relative
energy seen by the atom because of this effect. (There are many other effects
as well that will be mentioned in more detail in Appendix II. ) In the situation
where there is a large density of atoms (or molecules), the inter-atom colli-
sion rate will be high, and the effect will be to create broad absorption lines
(a range of energies can react). If the density of the atoms is low, as is the
case at altitudes of several hundred or more miles, then the collision rate will
be small and the lines will be very narrow, but still of finite energy width.
The absorption of an photon will leave an atom in an excited state; it will
possess more energy that it had before the absorption. This is an unstable
position and the atom will tend to return to its lowest energy position, referred
to as the ground state. There are a number of ways in which this can occur.
If the density of atoms is high, then energy can be transferred by interactions
with other atoms. If the atom is a part of a molecule, then energy can be trans-
ferred to other atoms within the molecule, or, if it is sufficient, bonds hold-
ing the molecule together can be broken, thus utilizing some of the energy.
Finally, a common process is for the atom to reject some of the energy by
emitting a photon with an energy corresponding to the amount required for an
orbital electron to move from one level to another. This energy may or may
not be of the same amount as the energy absorbed in the original excitation
process. For example, if the original excitation resulted in raising an electron
to the first permitted level, then decay to the ground state will result in the
re-emission of a photon with the same energy as absorbed. (Note that the dir-
ection probably will be different since the re-emission process will be iso-
tropic.) If the original event resulted in raising the electron to a level higher
than the lowest permitted excited state, then the re-emitted photon may or may
not be of the same energy (and wave length) as the one absorbed. Obviously,
if the decay is directly to the ground state, then this will be the case. But,
if the decay is to a state higher than the ground state, then the emitted photon
will be of an energy lower than that of the absorbed photon. The atom in this
situation will still be in an excited state and will still tend to decay to the
ground state. Absorption of photons while in an excited state also is possible
provided the energy is favorable. In this case, it is permissible for the ex-
cited atom to decay, in some instances, with the emission of a photon of more
energy than the last one that was absorbed. Also possible is the triggering
of excited state atoms wherein an incoming photon with the right wavelength
(energy) can cause the excited state atom to decay at a rate more rapidly than
would be the case without the stimulus.
2.4 INTERACTIONS WITH RADIO WAVES. Atoms and particles will interact
with radio waves as well as with photon energy in the visible and near visible
range. At low altitudes (less than 20 to 30 miles) the interaction will be with
free molecules and suspended particles. Most of the effect will, in a non-
condensed atmosphere, be due to an interaction of the radio wave with the
electric moment of water molecules and with the magnetic moment of oxygen
molecules. At higher altitudes, which will be of more concern for this study,
the interaction is due to charged particle effects. For practical purposes,
electrons will be the dominant species that interact. Ions also will have an
effect, according to theory, but the effect is mass dependent and the effect
of the ions will be negligible in comparison to the electron effect in a neutral
atmosphere (one is which the density of electrons is the same as that of the ions).
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The dominant feature of the earth's atmosphere insofar as interaction
with radio waves is concerned is the behavior of the ionosphere. This layer
(or layers if one wishes to consider it in detail) has a high charged particle
density and is responsible for much of the reflection of radio waves back to
the earth's surface that otherwise would be lost to space. The portion of the
radio spectrum below about 10 MHz interacts strongly with the ionosphere
and the ground investigator cannot use this range for astronomy purposes.
The range from about 10 MHz to almost 105 MHz is available to him. Satel-
lites located at altitudes above the ionosphere can utilize the range from 10
KHz to 10 MHz. Observations at frequency ranges below 10 KHz cannot be
performed within the environment of the solar system. Such observations
would have to be performed by utilizing spacecraft located far away from the
solar system.
2. 5 CHEMICAL REACTIONS. The upper atmosphere may be considered
as an extremely rarefied "soup" consisting of a wide variety of species. For
many purposes, it may be considered to be a vacuum. Despite the rarefied
conditions, a number of phenomena are taking place. One of these is airglow,
which is observed as a faint glow in the sky that becomes brighter as the field
of view is moved toward the horizon. This results from solar energy stimulated
chemical reactions which take place in the rarefied upper atmosphere. The
precise mechanisms are not understood.
The population in the upper atmosphere consists of ions, atoms, and a
few molecules of probably rather simple structure. Many of these would,
under ordinary circumstances, be considered to be highly reactive (such as
atomic oxygen, which exists at certain altitudes). However, the number of
such species that are available to react is very small when ordinary volumes
are considered, and the mean free path typically is of the order of a few miles
or more. The observed phenomena ordinarily occur over very large volumes
and it is the cumulative effect of thick layers that is seen. Nor are the reac-
tions limited to the so-called upper atmosphere. This rarefied region also
is reacting with the more dense regions closer to the earth as well as within
the radiation belts. The behavior may not always be considered on a macro-
scopic basis. The presence of very small quantities may have a profound in-
fluence upon the behavior of the system. A reaction of considerable importance
in the ionosphere is due to very small quantities of nitric oxide, which exists
in a total column density of about 1. 7 x 1014 molecules/cm2 . This is easily
ionized and is responsible for much of E-region electron and ion concentra-
tion. Since tht total quantity of material above 85 km is about 1020 molecules/
cm 2 (or equivalent), nitric oxide is present in only about one part per million.
3. CESIUM EFFECTS
3. 1 THE CESIUM SOURCE. The spacecraft for which this investigation is
being conducted is the ATS-F which is to carry two cesium ion thrusters.
Each will carry 3.4 kg of cesium propellant which will be adequate for 4400
hours of full time operation. This is anticipated to provide for 28 months of
station keeping capability (Ref. 1). The planned orbital altitude is about 22, 000
miles, which will result in an orbit period of 24 hours (Ref. 2). The present
plan is not to operate the thrusters until the spacecraft orbit has been establish-
ed. Therefore, the injection of cesium will not take place at low or intermediate
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altitudes. For purposes of this study, this aspect of the injection will be
ignored and the study will be expanded slightly so that the effects of injection
may be determined at all altitudes. The thruster also will be oriented some-
what in the direction of the earth. Again, to keep the study general so that
it may be used for other applications as well, the directionality will not be
limited to the ATS, but all thrust directions will be considered. The same
approach will be taken with respect to the energy and fraction of the cesium
ionized. As will be seen, these generalities will not be a problem in applying
the results to the ATS or, for that matter, to any other proposed satellite.
Typical thruster operating parameters are with a cathode at 5000C and
a voltage differential of about 600 V. Thruster propellant utilization efficiency
will range from about 80 percent to. 95 percent (the percentage of the cesium
that is ionized). The ionized portion will be traveling at a velocity of about
35, 000 m/sec and the neutrals at a velocity somewhat greater than 3000 m/sec.
(The precise velocity of the neutrals is open to question. The assumption
usually is made that the neutral velocity may be taken as that corresponding
to the temperature of the originating surface, but there is information that
indicates that the actual velocity may be greater than this. The question will
not be of concern here since it will make no difference for purposes of the
study.(See references 1, 3, and 4 for more information.) The cesium injection
rate based upon the storage capability for 4400 hours of operation is (3. 4)(103)/
4400/3600 = 2 x 10 - 4 gms/sec. This corresponds to a rate of (2 x 10 - 4 )
(6. 02 x 1023)/132 = 1018 atoms/sec or a total of 1.5 x 1025 atoms per thruster.
3.2 BACKGROUND. There is little previous experience with this type of
contamination. A few spacecraft have flown with ion thrusters and, to our
knowledge, there have been no observed effects. These were low altitude mis-
sions (Refs. 5 and 6); one with a mercury thruster and one with a cesium
thruster. In addition, there have been a few studies which indicated that there
would be no problems. These latter were performed with mercury. There
have been no previous studies of which we are aware that were done with the
injection of cesium from thrusters. In addition, considerable work has been
done with the injection of large amounts of cesium at relatively low altitudes
(in the vicinity of a hundred miles). This experience will be reviewed briefly
in the following paragraphs.
The ATS-IV was launched into a low parking orbit on August 10, 1968
where it remained attached to the Centaur stage, which failed to achieve a
second burn. The orbital altitude was a 218 km perigee and a 760 km apogee.
This satellite carried two cesium ion thrusters. Five separate ion engine
tests were performed, the final one on October 9, 1968. To our knowledge,
no effects were observed in the atmosphere that could be attributed to the
ion thruster operation. The SERT II was launched on February 3, 1970 and,
with the exception of two periods of several hours each, a thruster was
operated continuously for several months. Orbital altitude was about 1000 km
in a near polar orbit. There were two thrusters on board, each of which
carried 15. 0 kg of mercury propellant. In general, for thruster one the
performance was the same as determined in the ground tests. Within data
accuracy, the accelerator current was the same as found in vacuum tests on
earth at a pressure in the tank of 5 x 10-6 torr. This indicates a negligible
interaction of the ion thruster beam with the environmental gas. (Interactions
would produce charge exchange effects with resulting accelerator impingement
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and a change in the accelerator current.) Thruster two also duplicated the
ground data with the exception of the main discharge current. This was slightly
higher in the flight tests than found in the ground tests. The reason for this
is stated not to be understood.
The propellant supply furnished was adequate for about eight months of
operation and, at the time of the report, about three operational months had
passed. No information was given that would indicate an interaction problem
with the thrusters. Note, however, that the author was concerned only with
the behavior of the thruster. Again, we are aware of no observations of
phenomena as a result of these operations.
A large number of tests have been conducted in which quantities of
alkali metals, including cesium, were released at altitudes in the range up to
about 100 mi. Some of these were releases of large quantities (up to 80 kg of
cesium containing mixture are reported). The observable results were of
a short term nature. (See Refs. 7 and 8 and Appendix III for further informa-
tion.) This altitude range is below where one would expect to find an effect
due to the earth's magnetic field, but is in the range where the material should
remain in the atmosphere for an extended time. The observations were that
it expanded rapidly and reached the pressure of the environment rather quickly.
To obtain a feel for the applicability of the tests to the proposed application,
consider that the material involved was of the order of 1000 kg (a guess, no
attempt was made to obtain an actual total for all tests), and further assume
that all of the material was cesium. The surfa e area of the earth is about
(41) (4000)2 (5280)2 (2. 54)2 (12)2 = 5 x 1018 cm . The number of atoms of
cesium is (1000) (6. 02 x 1023) (1000)/132 = 5 x 1027. If all of this material
were to be distributed uniformly over the earth's surface, there would result
a density of 5 x 1027/5 x 1018 = 109 atoms/cm2 . (This may be considered as
the number of atoms that would be seen if an observer were to look upward
through the atmosphere. It would make no difference at what altitude the
atoms were actually located provided they were in a rarefied region so that
the interaction rate with other material was small. ) This is a very small
density, and probably cannot be seen although this conclusion remains to be
substantiated (which will be done later in this report. If the conclusion is
correct, then a portion of the reason the material is not seen for an extended
period of time is immediately evident; there is not enough of it once it has
been spread out over a small portion of the atmosphere.
Knauer (Ref. 9) conducted a study of the behavior of mercury thrusters
in which a very pessimistic discharge of ten tons annually was assumed. He
compared this release of material to the amount injected into the lower atmo-
sphere by natural processes and found that the natural amount was higher. He
then concluded that the artificial injection of this amount would not be a pro-
blem for this reason. (We attempted to do the same thing for cesium, but were
not able to find the data upon which to make the comparison.) The behavior
in the upper atmosphere was found to be quite different. There is a very low
population of mercury in the upper atmosphere, and the amount introduced
by the assumed thrusters (20 to 50 with a discharge of about 200 kg each
annually) was far in excess of the natural amount. He concluded that, with
this amount, there might be some very small effects that could be observed.
One was the generation of a belt of mercury ions in much the same manner
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as was the case with the injections from the high altitude nuclear explosions
(see Appendix III). The other was the generation of faint artificial auroras
at the locations where the ion beams from low orbiting satellites enter the
atmosphere. These conclusions will be commented upon in the next sub-
section.
Masica (Ref. 10) also conducted a brief study of the SERT behavior.
As a basis, he took the actual SERT characteristics and found no observable
results. This is a conclusion similar to that of Jahn (Ref. 11), who also
limited his discussion to the SERT mission.
Finally, Kellogg (Ref. 12) looked at the problem in a more general
approach in which he estimated the contribution that would double the natural
quantity of material. Although he did not specifically look at cesium, he did
investigate the behavior of some of the other alkali metals and found that only
a small addition at the upper levels of the atmosphere would double the con-
centrations that resulted from natural means.
These studies, many of which have not been published, are presented
in more detail in Appendix III. Those that have not been published are ab-
stracted completely so that all of the information presented by the author
is made available in this report.
3. 3 ANALYSIS OF PREVIOUS WORK. As mentioned, Knauer took a release
of ten tons annually as the basis for predicting the results. To make his work
comparable with the other studies, which were based on the SERT behavior,
we first will ratio his results downward by a factor of 300, which is about the
amount of the mass difference with no account taken for the difference in the
time span for the two studies (per year vs. 18 mo.). Knauer predicted a mer-
cury belt population of 1027 ions. This was stated to result in a flux of about
10 5 /cm2 sec. (The natural belt fluxes are stated to be about 106 to 108 protons/
cm 2 sec in the energy range below 0. 1 Mev.) qhis means the mercury ion
flux must be ratioed downward to about 300/cm sec. (If one works with actual
numbers, the value will be a little higher than this, the difference being due
to the round off in the estimates.) This is a small value and probably cannot
be found. Masica estimated that the concentration of mercury ions would be
of the order of one/cm 3 if they were spread out over the earth's atmosphere
and the upper limit would be of the order of 1000/cm3 with conservative loss
assumptions and consideration given to the generation behavior. Jahn simply
assumed that all of the ions would be trapped within a belt of thickness corres-
ponding to one gyro radius, and found a number density of about 30 ions/cm3 .
Knauer estimated about 2 x 103 natural mercury atoms/cm3 at 80 km altitude.
His estimate of the thruster contribution is about a factor of ten below this.
The thruster contribution, on a comparable basis, is about 200/300 = 1 atom/
cm 3 . If the roughly 30 kg potential release of the SERT thrusters is considered,
the total number of potential ions is about 1026. If these are assumed spread
over the earth's surface the density is about 1026/5 x 1018 = 2 x 107 ions/cm2 .
Knauer's estimated value with five percent ionization is about 107 (the 108 value
mentioned is the natural mercury density) from 80 km upward, certainly in
the same ball park when the values are ratioed to account for the differences.
Note that the simple spreading approach provides a value higher than obtained
when loss mechanisms are considered. Jahn reported about 10 7 /cm2 , about
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what one would expect from the assumptions. As an approximation, we may
conclude that all investigators are arriving at about the same number densities.
Knauer was the only one that predicted a belt of ions that would reach obser-
vable proportions, and this is not the case when the values are ratioed to the
SERT proportions.
Knauer also predicted a faint aurora at 200 R when the ion beam entered
the atmosphere. This was based on the assumption that the ion beam from
the thruster would be initiated at a low altitude (at first) and would travel along
the magnetic field lines with undiminished energy until entering the atmosphere.
The beam was assumed to be of ten amps with a particle energy of 2000 ev.
It was assumed to be confined to a area of less than 1011 cm 2 . The energy flux
corresponding to this was about 2 ergs/cm2 sec. The predicted radiation
intensity then was about 200 R (Rayleighs), great enough to be seen as a faint
glow. The SERT II thruster produces a 0.25 a, 3000 v mercury ion beam
(Ref. 13). Using Knauer's value for the radiation, the corresponding glow is
about 200 (0.25/10) (3000/2000) = 8 R. This may be compared to the lower
levels in the nightglow which are about 10 R and the visual level which is at
a minimum value of about 100 R. (The estimate of 200 R is based upon the
conversion efficiency of protons, which is estimated to be 10-8 ergs/photon.
Two ergs then provides 2 x 108 photons.) The assumptions upon which this
value is based would appear to make it an upper limit, and the true value
should be significantly below this. Therefore, one may conclude that the SERT
II thruster will not cause an observable effect. The reader also should remember
that the prediction is based upon a low altitude satellite with the proper injec-
tion direction. For station keeping applications, the altitude would be higher,
and the injection direction also would not be ideal for aurora production.
In all other aspects, the investigators agree in their overall conclusions.
There will be no effects that can be observed.
3. 4 CESIUM ANALYSIS. As mentioned, the amount of cesium in the atmo-
sphere was not found in the literature. Therefore, as a first step in the
analysis for effects from the cesium thruster, we will estimate the density
of cesium that one might find in the atmosphere. Kellogg (Ref. 12) listed
the total quantity of sodium in the atmosphere as 20 to 170 kg for the zone
above 105 km. This corresponds to a particle density of 108 to 8 x 108/cm2 .
He also mentioned that one of the possible sources for the alkali metals in the
atmosphere was from seawater and that experimenters had found that the ratio
of potassium to sodium in the upper atmosphere was the same as found in
seawater. We will make the assumption that the ratio of sodium to cesium
in the upper atmosphere is the same as in seawater. The concentration of
cesium in seawater is 2 x 10 - 3 ppm (Ref. 15). The concentration of sodium
in seawater is 10, 561 ppm. The ratio is about 10 - 7 . Therefore, the total
cesium in the upper atmosphere is about 10 - 5 kg. This is far less than the
amounts that will be introduced as a result of ion thrusters. One may con-
clude that the natural background of cesium will be drastically affected by
the ion thrusters. The next step, then, is to see if there are any effects
as a result of the addition of the material.
In this study, we will not be concerned with the lower part of the earth' s
atmosphere. All of the phenomena that are to be investigated will occur in
the heterosphere. The reason is straightforward. The quantity of material
9
in the lower atmosphere is so great that there will be no effects due to the
small amount of cesium introduced into the earth's environment that will not
be found by a study of the effects in the higher regions. As already mentioned
there are no effects of a biological nature with which we must be concerned,
and therefore we need study only the physical nature and how the existing
phenomena may be changed.
First, we will postulate that a cesium ion thruster is located at a low
orbital altitude and that it is thrusting in the direction parallel to the earth's
surface. This means that the ion beam will have the greatest chance of
causing effects as it enters the earth's atmosphere. The cesium injection
rate is 1018 ions/sec at an energy of 600 ev. This corresponds to an energy
of 109 ergs/sec. At a conversion rate of 10 - 8 ergs/photon, the photon pro-
duction rate is 1017 photons/sec. We will not assume that these photons are
produced over one gyro radius, as was the case with Knauer's work, because
this radius is based upon the velocity component in a direction perpendicular
to the field lines and we assumed that the injection was in a direction that was
parallel to the field lines. This is shown in the following equation:
r = mvl c/(eB)
where:
r = radius of gyration
m = particle mass
v_ = velocity component perpendicular to the field lines
c = velocity of light in a vacuum
e = charge (normally the electron charge)
B = magnetic field strength
Instead, we will compute the minimum distance an observer could be from
the generation point of the photons and still be awale to see themr. The human
eye will respond to a level of about 100 R, or 10 ° photons/cm sec. Immedi-
ately, we find that if a person were located further away from the generation
point than about a hundred meters, he would not be able to see the light.
Conversely, if the beam spread were more than to an area of about 109 cm 2 ,
an observer would be unable to see any effect. We may safely conclude that
the ATS ion beam will not be observable as it re-enters the atmosphere under
the best conditions for the generation of light. Further, a beam could be
several decades stronger than the one from the ATS thrusters, and there still
would be no effect.
Next, the behavior of the material released from thrusters at various
altitudes will be considered. If the orbital altitude is low, and the thrust
direction is directly toward the earth, then the amount of material that is
trapped in the magnetic field will be at a maximum (See Equation I-i). As
already seen, if the thrust direction is along the field, the trapped material
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is at a minimum (as also seen from Equation I-1). At any direction in be-
tween, the amount of material obviously will be between the two end points.
Only one effect is of interest for loss rate of the material from the atmosphere,
and this has already been considered. All other effects that we will wish to
consider may be studied by considering the amount of material that is re-
tained in the atmosphere. Therefore, if we estimate the maximum amount
of material that can be retained, and find that there is no problem with this,
then the objective of the study will be satisfied. Hence, the approach will be
to assume that all of the material is retained and none is lost to the lower
atmosphere. For the low altitude satellite, this corresponds to the case of
thrusting directly toward the earth. Now consider the behavior as the altitude
is increased. The injection altitude obviously goes up, and the strength of
the magnetic field will decrease. The gyration radius will go up as a result
of this, and the density of material trapped in the fields will be less than for
the case of low altitude releases. Further, at least a portion of the material
ejected from the thruster will be at angles less favorable to high altitude
mirror points, and hence the amount of material that can reach the lower
atmosphere without being trapped in the magnetic field will tend to increase
with increasing altitude for thrusters that are operated while thrusting toward
the earth. Any other thrust direction will tend to increase the chances for
loss of material to the lower atmosphere. Finally, for operation at extremely
high altitudes, the magnetic field may be is a state of disturbance, and some
of the material may not follow the direction of field lines toward the earth,
but instead may move into outer space. The overall conclusion of this dis-
cussion is that there are no effects that will not be found by considering the
maximum amount of material and assuming it to be located at a relatively
low altitude insofar as finding the density is concerned.
The studies performed with mercury have indicated that the assumption
that all ejected material is spread evenly over the earth's surface with no loss
will provide a higher density than if the loss mechanisms are considered and
then attempts are made to find out how the material is distributed. This
assumption will be made in the evaluation of the cesium release. The total
release from an ATS thruster is 1.5 x 1025 atoms. The density if this
material is spread over the surface of the earth is 1.5 x 1025/5 x 1018 -
3 x 106 atoms/cm2 . The effects that this material could cause are considered
in the following subsections.
3. 4. 1 LIGHT ABSORPTION. As a first approximation, the behavior of cesium
atoms may be considered by looking at only the first lines in the spectrum.
These are the strongest and will be the ones that absorb to the greatest ex-
tent. For these purposes, the effluent from the thruster will be assumed to
be completely un-ionized. This, of course, is not true; only a small fraction
meets this assumption. However, it is very conservative because the cesium
ions absorb only in the extreme energy range of the solar spectrum and the
lines will be much weaker than is the case for the atoms. One additional
assumption will be made. The cesium will be assumed to be in an atomic state.
No molecular species will be assumed. The validity of this assumption has not
been established. The overall effect of these assumptions probably is one of
overpredicting an interaction of cesium with photons in the visible or near
visible range.
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The maximum width of the absorption lines for cesium, as shown in
Appendix II, is of the order of 10-12 cm. The fraction of light that can be
absorbed by lines of this width is extremely small and there will be no effect
upon the overall light level. Further, Cole (Ref. 14) and Appendix II show
that the absorption from any concentration below 109 atoms/cm2 is negligible.
There will be no effects due to the absorption of light that can be observed.
3. 4.2 LIGHT SCATTERING. This does not completely eliminate the possi-
bility that a photon scattering effect might be seen. To check on the possibility
of the cesium reflecting sunlight, consider the spectral distribution of the sun
as presented in Figure 1. The intensity in the vicinity of the strongest absorp-
tion lines is about 10 uw/cm2 A. Cole shows that the fraction of light absorbed
at a concentration of 109 atom s/cm2 is about 0.01 within the line width, which
is shown in Appendix II to be 1.4 x 10 - 12 cm. The fraction at a concentration
of 3 x 106 atoms/cm2 will be about 3 x 10- 5 . If all of the cesium is in the non-
ionized state, then the amount of light from the sun that can interact with the
cesium will correspond to about 2 x 105 photons/cm2 sec. If this same rate
is assumed to be emitted, and half of it is emitted in the direction of the normal
to each side of a plane layer of cesium, then the photon rate due to interactions
with the sun will be of the order of 10 5 /cm2 sec. This is about 0. 1 R, too low
to be seen. There is one other line of about the same intensity as the one con-
sidered here, and all of the rest are two orders of magnitude or more narrow-
er. Therefore, the contribution of the remaining lines will not affect the con-
clusions.
3. 4. 3 ELECTRON INTERACTIONS. Ingraham (Ref. 17) gives the collision
cross section for cesium with electrons as about 10 - 14 to 10 - 1 3 cm 2 for elec-
tron energies in the low ev range. Even if all of the maximum number of atoms
is concentrated within a layer of one centimeter thickness, one only has a
density of 3 x 10 6 /cm3 . An electron traveling in this medium would have a
mean free path of about 107 cm. Since the cesium will not be concentrated in
this manner and the estimate of the amount of cesium that is present is very
high in the first place, the rate at which electrons will interact with the cesium
will be small and there will be no effects.
3.4.4 RADIO WAVE INTERFERENCE. In a low density medium composed
of simple ions and electrons, the interaction of radio waves with particles will
be a function of the charge concentration. Examination of the governing equa-
tions shows that the mass of the particle acts to diminish the interaction.
Since the mass of the cesium ion is so much greater than that of the electron,
the effect of the ions may be neglected in comparison to the effect of the elec-
trons. Electron densities typically are in the range of 10 3 to 10 6 /cm3 . The
contribution that can be made by cesium ions will be negligible in comparison
to the contribution made by the naturally occurring electrons, particularily
when one takes into the account the fact that the electrons extend for a number
of miles in thickness and the number of cesium ions (and corresponding electrons)
will be negligible in comparison.
3. 4.5 CHEMICAL REACTIONS. Cesium is a very reactive material and the
possibility that it will enter into chemical reactions is likely. Certainly, this
has been the case when it was introduced into the middle layers of the atmos-
phere as a tracer. However, the quantities that were introduced in this manner
12
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were much greater within a small volume than will be the case for the thruster
application. Even in these cases, the observable phenomena died out rapidly
and no long term effects were found. Of course, these injections were made
at a lower altitude than proposed here, and there is always the chance that
something that was not anticipated will take place, but we could find nothing
of this nature and feel that there will be no chemical effects that can be observed.
A part of this conclusion is based on the observations to date and the other part
is based upon the extremely low atom and ion densities that will be obtained.
Unfortunately, a weakness of this study is that we have not undertaken a careful
evaluation of the chemical reaction situation in order to present a good proof
for these conclusions.
4. CONC LU SIONS
This study of the potential effects of the release of cesium in the form of
ions and atoms from a thruster in the upper atmosphere has uncovered no phe-
nomena of an observable nature. Most of the study has taken the form of a lit-
erature survey to determine the type of phenomena that may be expected. A
few scoping types of calculations have been performed to allow the formation
of semi-quantitative conclusions.
The cesium ions that are released from the thruster will become trapped
within the earth's magnetic field. These will form a rarefied belt of charged
particles, the density of which will be of negligible proportions when compared
to the belts that-are already there. The number that actually end up in the belt
will depend in part upon the injection angles. The actual value was not predicted
when it was found that no problems would result when all of the ejected material
was assumed to be in the belt.
Cesium atoms released from the thruster will, if they do not become ion-
ized by electron impact or photon interactions, either escape to space or move
rapidly toward the lower regions of the atmosphere. The assumption that all
of the material from the thruster ends up in a layer in the atmosphere was made
and then the possible reactions were considered. None were found that were
of an observable nature.
Cesium atoms that become ionized before reaching the lower regions of
the atmosphere will behave in the same general manner as the ions that were
injected directly. Similarily, the ions that manage to capture an electron will
behave as atoms, again with no basic differences.
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APPENDIX I
BEHAVIOR OF MATERIAL IN THE UPPER ATMOSPHERE
1. BACKGROUND
Cesium released at orbital altitudes will exist in principally two forms,
neutral and ionized atoms. There will be few if any molecules and, for
practical purposes, no particulate matter. Some aluminum can be expected
which will originate from the thruster accelerator structure, but there will
be few other contaminants. Cesium used in thrusters is relatively pure.
The quantity of aluminum that appears will be small since, for it to be other-
wise, thruster life would be short. This study will be limited to the cesium
that is ejected since it will be the material present to the greatest degree
and it is as active optically as any of the other substances likely to be present.
Several phenomena need to be considered in order to predict what
happens to the released cesium. Foremost will be the effects upon charged
material. Most of the exhaust will be ionized, and the atomic cesium that is
released will have a high probability of becoming ionized under many of the
conditions that may exist. Therefore, the behavior of charged particles that
are released should be considered to see if any interesting events are taking
place. This does not mean that the neutrals can be neglected. Interesting
events may take place with these as well, even though their population pro-
bably will be smaller. The greatest effect upon the charged cesium probably
will be due to the magnetic field of the earth until rather low altitudes are
reached. The behavior will be similar to that of charged particles in the
earth's radiation belts. Uncharged cesium will be affected by the earth's
gravitational field as well as by the forces of sunlight. And, of course, the
usual events of collision phenomena can be expected upon inter-particle
collisions. Although these events probably will not occur too often, they
will be briefly considered just in case something of interest is taking place.
2. BEHAVIOR OF CHARGED PARTICLES IN THE EARTH'S UPPER
ATMOSPHERE
Since a particle carrying a charge will be subjected to forces originated
by the earth's magnetic field, we first review the shape of that field. As
a rough approximation the field may be treated as shown in the following
sketch: ' I 
; These sketches are reproduced from Glasstone (Ref. I-1).
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There are, of course, many variations within the indicated envelope. The
north and south poles do not coincide with geographic poles and there are
many local variations in the field. This concept of the magnetic field is
only good for locations close to the surface of the earth. As we move further
out, the effect of the solar wind must be taken into consideration. An indica-
tion of the distance the field extends in the direction of the sun may be obtained
by considering energy densities. A comparison of the kinetic energy densi-
ties of the solar wind and of the magnetic field will show that the magnetic
field cannot extend more than about 10 earth radii (about 40, 000 miles) in the
direction of the sun. On the back side of the earth (away from the sun) the
situation is much different because of the shadowing effect of the earth and
its magnetic field. The overall behavior is as indicated in the following
sketch:
To San I--·j U2//Q~ ~'4'~Neutral Mag-etic Layer
large variations in magnetic flux.
This boundary may be perturbed by action of the sun. In one effect,
a quantity of plasma may be expelled from the sun's surface. This appears
to become trapped in a sort of magnetic bottle that travels toward the earth.
When the bottle hits the magnetopause boundary, a distortion takes place, and
some of the charged particles become available to be trapped by the earth's
magnetic field. Since these will not in general have sufficient energy to pen-
etrate the magnetic field lines, they will be deflected along the lines and enter
the earth's atmosphere near the poles:
I-2
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Most of these particles will be protons and they will possess energies in the
Mev range, considerably above the energy of the cesium atoms with which we
are concerned. Certainly, then, if the protons cannot penetrate the magnetic
lines, the cesium will not be able to do so. The proton behavior and associated
phenomena consequently will provide a guide for the cesium behavior.
In general, any charged particle will be subjected to a force by a mag-
netic field. This force will act at right angles to the field direction and to
the direction of particle motion. This means that a charged particle moving
in a uniform magnetic field will follow a spiral path:
In a non-uniform field the behavior is similar, although not identical. Suppose,
for example, the field is increasing in strength In moving from left to right.
Then the spiral radius also will decrease when moving in the same direction:
If the particle direction were in the opposite direction, the radius would in-
crease as the field strength decreased. Further, and this is important to the
behavior, the helix that is formed in moving in the direction of increasing field
strength becomes tighter; its pitch angle decreases:
I-3
If the effect becomes strong enough, the pitch angle can reach 90 ° , and the net
direction of motion of the particle can be reversed:
The particle now will spiral in the opposite direction. This reversal of
direction is referred to as "reflection" in a "magnetic mirror". The point
where the reversal occurs is referred to as the "mirror point"
This behavior now may be applied to the earth' s field. In general, the
strength is greatest near the surface and in the vicinity of the poles. There-
fore the motion of a particle trapped by the earth' s magnetic field will be
about as shown in the following sketch:
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Since the magnetic field rotates with the earth, and since the particles cannot
move across the magnetic lines, the particles will tend to rotate with the earth
as well as being reflected back and forth from pole to pole. If there were no
other effects, a particle never would move around the earth. However, the
decreasing strength of the magnetic field with altitude introduces a radial (east-
west) force component upon the particles. (Positively charged particles are
exposed to an east to west force; negatively charged ones to a west to east
force. ) This in turn introduces a small radial movement, causing a toroidal
shaped belt of charged particles to be formed.
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There are restrictions upon the trapping process; not all particles that
are released within the magnetic field will become trapped with a reasonably
long life. The reason for this behavior is the location of the mirror point.
A minimum condition for reflection is:
vL/v = JVB/Bm (I-1)
where:
v = actual velocity
v- = perpendicular velocity vector with respect to the magnetic
field
B = field strength in the region between mirrors where it is
relatively uniform
B = field strength at the mirror point
Note that the actual value of the velocity is not important, provided it is
low enough that the particle does not cross the magnetic lines. It is the ratio
that is important. If the component perpendicular to the lines is too small,
the mirror point may be located within the dense atmosphere (or even within
the earth). When this is the case, of course, the particle will not be reflected
but instead will be absorbed within the atmosphere and removed from the
region of interest. Another way of looking at the problem is to consider the
angle involved: vI,
¥1
sinC = i B/ B MAGNETIC (I-2)
m v, || FIELD
This will be of more use for our purposes. If it shows that the reflection point
occurs at an altitude of less than a few hundred miles, then the particles will
not be reflected very many times prior to removal.
A uniformly magnetized sphere can be described by the following (Ref.
I-2).
H = Ho(a/r) 3 sin a (1-3)
Z = 2Ho(a/r) 3 cos a (I-4)
B = (H 2 + z2)1 / 2 (I-5)
V = (M/r2 ) cos 0 (I-6)
M = Hoa3 (I-7)
I-5
where:
H = horizontal magnetic field intensity vector component
Ho = horizontal intensity at the equator (Z = 0) 0. 31 gauss
a = sphere radius
r = distance from center of sphere
9 = polar angle
Z = vertical magnetic vector component
B = scalar field intensity
V = magnetic potential
M = magnetic dipole moment
For locations near to the earth, this is good to about 90 percent accuracy.
Selecting 0 = 90 ° , and r = rm, we find:
3
Bm =H o(r (1-8)
r
m
At = 0:
3
B =-( ar) (I-9)
and:
sine = (rm 3 (I-10)
where r now represents the distance from the center of the earth where the
particle is "injected" into the magnetic field.
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APPENDIX II
CESIUM SPECTRAL CHARACTERISTICS
AND ABSORPTION PHENOMENA
1. INTRODUCTION
In this appendix we will review the calculation of interaction photons
in the visible and near-visible energy range. The review will be conducted
only, for practical purposes, with respect to interactions that take place at
very low particle densities. High densities, such as occur at atmospheric
or near atmospheric conditions, will be of no interest.
2. TERMINOLOGY
Wavelengths commonly are given in microns (a, 10-6 m or 10-4 cm)
and angstroms (A, 10- 8 cm). Many times, wave numbers are used:
1
v . X
where:
vs = wave number (usually cm -1 )
X = wavelength
This should be interpreted as the number of waves per centimeter, or simply
waves/cm. Frequencies are seldom used because of the size of the number
(c/X where c is the velocity of light). Wavelengths in air and vacua differ
by about one part in 3000. We will neglect the difference. Wave numbers
occasionally are given in Kaysers. This is simply cm - 1 . Frequency, v,
is related to the wave number by:
V = C\
where v typically has units of sec - 1 (waves per second).
Energy is a common term. It may be related by:
E = hv
where:
h = Boltzmann constant
6.625 x 10-2 7 erg sec
Inserting appropriate constants gives:
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v = 8066 E cm (E in ev)
X = 12398/E A (E in ev)
The Rydberg constant many times appears. This is R = 109, 700 cm . (It
varies in the fourth significant figure for different atoms. The difference
is, for our purposes, negligible. ) This corresponds to the first state of the
hydrogen atom (M = 109, 678 cm-1 ; E = energy = 217. 3 x 10-13 ergs, =
13.58 ev).
3. PHOTON - ATOM INTERACTIONS
3. 1 BACKGROUND. Photon - atom interactions normally involve the out-
ermost electrons of the atom. Since a certain minimum energy is needed
before an electron can be affected, those photons which do not possess the
necessary energy cannot interact, and will pass an atom with no effect. The
orbital electrons can only exist in an atom in certain allowed energy levels.
Existance between these levels does not occur. Therefore, for a photon
to interact, we also require that it have about the same energy as required
by the electron to move from one level to another. If more photon energy
is available than the electron can absorb without being ejected from the atom,
then such ejection is possible, and the atom will become ionized since a
negative charge has been removed. The excess energy above that required
for ionization will appear as kinetic energy of the electron (or possibly as
excitation energy of another electron). Interactions with ionized atoms also
are possible, but normally this event will not occur as often, all other things
being the same, because the energy required for the process is much higher
than for reactions with neutral atoms.
3.2 PHOTON ABSORPTION AND EMISSION. If one applies classical theory,
one finds that the frequencies emitted by an atom are identical to the atom's
natural frequencies. One would assume that if photons of these frequencies
are intercepted by the atom, the atom would be excited, and those photons
could be absorbed. Stated differently, the absorption spectrum and emission
spectrum would be the same. In some cases, this is observed experimentally.
In other cases, it is not. Some atoms are completely transparent to photons
which it emits in copious quantities when excited.
The explanation is straightforward. If we were exciting an atom by
electron bombardment, the only requirement would be that the electron energy
equal or exceed the energy required to displace an orbital electron to a dif-
ferent energy level. Excitation by absorption is different. It takes place only
when the incoming photon energy is almost precisely the same as that required
to move the electron from one level to another. Immediately, we conclude
that the atom (or more properly, the gas composed of many atoms) will be
completely transparent to photons whose energies do not coincide with the
orbital electron transition differences.
Next, we must consider the original state of the atom. An excited atom
will emit photons by movements of orbital electrons from one level to a lower
level. Each jump will correspond to a particular wavelength. It is quite pos-
sible to excite an atom from the ground state to a higher level state, and then
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have several photons emitted as the atom decays back to the ground stage
by an orbital electron jumping from level to level. In the initial process
of excitation, we might absorb one photon. In the decay process, where
several photons might be emitted, we would see a different response or
spectrum. To absorb a photon of an energy corresponding to a particular
spectral line, we first require that the atom be at the level corresponding
to the lower level of the quantum jump.
Various energy levels for atoms can be calculated. In theory, the cal-
culation may be performed for about any atom. In practice the complexity
of the calculation process allows computations only for very simple configura-
tions. Of much more use for most investigations are tabulated data of spectral
characteristics. These data normally are given to a great many significant
figures. The implication is that the absorption process is one in which a photon,
to be absorbed, must have an energy that is no further removed from the ab-
sorption line value than is given by the number of significant figures in the
tables. This is not the case. In practice, a photon energy may be far removed
from the tabulated line energy and still be absorbed. The reason is due to a
phenomenon termed line broadening.
A number of things contribute to line broadening. Most line broadening
is due to interaction of the excited atom with its surroundings during or follow-
ing the decay process. Inherent in the emission process is the effect of the
finite time the excited atom exists. The probability an atom lives in the excited
state decreases exponentially with time. To measure the system energy with
high precision, one must utilize a means of measurement which does not limit
the time interval during which the measurement is obtained. If we measure
characteristics for a short time, an indeterminacy is introduced. The shorter
the time, the greater the uncertainty. An analytical analysis of the effect shows
that the profile of a spectral line due to finite lifetime of the excited atom is a
curve with the width inversely proportional to the decay time. This may be
expressed by (Ref. II-1):
I Fh-ldE
dI = I(E)dE = F 2 2 (II-1)2/4 + (E - Eo)2/h2
where:
I = intensity of light with quantum energy between E and
E + dE
F = reciprocal of mean life of the excited state
E average photon energy
Io = total rate of emission of energy in the
transition
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h = - Planck' s constant
6.5817 x 10-16ev sec
= 6.62 x 10-27 erg sec
Richtmyer (Ref. II-2) gives an approximation for transitions involving the
ground state:
2
a (II-2)2rrcT
where:
c = speed of light
T = mean life of level
or, if two excited levels are involved:
2A 1 =2 (11-3)
This type eff ct is, as we mentioned, inherent in the process and will occur
This type effect is, as we mentioned, inherent in the process and will occur
regardless of the surroundings.
The observed spectral line frequency may be changed from that emitted
relative to the atom due to the motion of the radiating atom. This is called
the Doppler effect. The line apparent frequency increases if motion is toward
the observer and decreases if motion is away from the observer. The actual
frequency emitted corresponds to the observed frequency only when there
is no velocity component in the direction of the observer. Normally, atoms
in a gas will be moving with a Maxwellian type of velocity distribution. Con-
sequently, the observed spectral line emitted by such a gas will be comprised
of a range of frequencies. Since the velocity distribution broadens with in-
creasing temperature, the observed range of frequencies also will broaden
with temperature. This may be described by (Ref. II-2):
a = 0.72 x 10-6 T (II-4)
whe re:
A = width of line, wavelength units
X = wavelength
T = absolute temperature, OK
M = atomic weight
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h
For this study under rarified conditions, this equation probably should not be
applied. There are several reasons. First, the equation is based upon a
continuous medium with only one component. Neither of these conditions is
satisfied in the rarified atmosphere of orbital altitudes. Second, the velocity
distribution is not necessarily Maxwellian due to the various processes in-
volved. Finally, the interatomic collision rate will be so small that the effect
probably is negligible insofar as collision phenomena are concerned. Instead,
one would be interested in the velocity vectors which were existing due to other
phenomena.
The spectrum also will be affected by external forces. These effects
will be neglected. This is probably a good assumption for cases such as
electrical and magnetic fields (The Stark and Zeeman effects, respectively).
Such fields would have to be much stronger than exist here to cause a pertu-
bation in the reported results.
Aller (Ref. II-3) has presented a relatively straightforward treatment
of photon-atom interactions and his approach will be followed here. He intro-
duces the Einstein coefficient of spontaneous emission, Ann, in the equation:
N NAA (11-5)! = NnAnn,
where:
Nv' = number of quanta of frequency v(nn') emitted per unit
volume per unit time
N = number of atoms per unit volume at level nn
and the spontaneous decay is from n to n'. If radiation of frequency v(nn')
strikes atoms in level n, the atoms can be triggered into decaying with the
emission of photons v(nn'). When this occurs, the total number of downward
transitions becomes:
N.= N (Ann, +B , () (II-6)v n nn nv(nn')
where:
Bnn coefficient of induced emission or negative absorp-
tion
'I(nn) = photon intensity, ergs/cm2V(nn,)
The interesting aspect of this behavior is the directionality. The induced
photon emission is in the direction of the quantum responsible for the trig-
gering.
Directly applicable to the absorption process is the effect predicted
by B. If atoms of a lower level n' are exposed to photons of frequency v(nn')
at an intensity Iv(nn,), the number of upward transitions per unit volume per
unit time is:
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NV, = NnI v(nn,)Bnfn (I-7)
Note that Bnn, # Bnl n, but they may be easily related. Aller substituted for
Iv(nn,) the Planckian function for intensity*:
v(nn')
I 2hv 3
V C2C
1
eh /kT_1 (II-8)
The following relationships may be shown to hold between them:
W nBnn = n',Bnn
,n 2hv3
Ann = Bn' n 
Wn ,
(II-9)
(II- 10)
Here Wn is the statistical weight of level n. If its inner quantum number is
J,
n 2J + 1n (II-11)
The quantum-mechanical damping constant for pure radiation damping
Fnni may be expressed in terms of the Einstein coefficients:
rFnn, = Fn + n, (II-12)
where:
E Ann ( 1 - e-h/kT)-1
n'
(II-13)
+ EAn,"
n
I1n
Wn" ehv/kT -1(e _1)
Wn
The first summation is taken over all levels n' lower than n; the second
over all levels n" above level n. If the intensity of the radiation is not large:
*This intensity is not the usual one with which the reader may be familiar.
The units are:
I E (erg sec)(sec) 3
(cm/sec)
- erg/cm
This is perhaps more properly termed an intensity distribution function. The
true intensity over a frequency range dv is Idv erg/cm -sec. The units of B
immediately follow as cm 2 /erg-sec.
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FZ=A ((11-14)
n n, nn
One may show that the Einstein A value is related to the f value by:
8rr 2 e2 2 28TT  v Wn'A 3f (II-15)
nn 3 - nn
me n
In addition to f values and Einstein coefficients, it is useful to introduce the
"line strength, " a quantity which is symmetrical in the upper and lower levels:
2
f(a'J'; aJ) 8 1 S(a'J'; a J) (II-16)2 I3he X'X
where the primes denote the lower level. The expressions for the strengths
do not explicitly involve the wavelengths or frequencies of the emitted radia-
tion, whereas the Einstein coefficients and f's do. This means that if we are
concerned with multiplets or configuration arrays in which the lines fall at
different wavelengths, we may obtain the relative strengths quickly from appro-
priate tables or formulas (at least for atoms in good LS coupling) whereas
the relative f or A values require that the wavelength of each line be included.
Like the f or A value, the strength of a line is an atomic constant.
The intensity, however, depends on the physical excitation conditions. The
relative, as well as the absolute, intensities of the lines in a given spectrum
will vary in a more or less complicated fashion with change of excitation
conditions. A knowledge of the relative intensities of the lines in a spectrum
is of little help in obtaining empirical line strengths unless something is known
about the mode of excitation.
In addition to the absorption oscillator strengths, an emission oscillator
strength is defined as:
n'
fnnt2 = nin (II-17)
Wn
Although it is necessary to use the emission oscillator strengths in problems
such as the application of sum rules, ordinarily it is better to employ con-
ventional Ladenburg f values.
To compute effects, we rewrite Equation (II-10):
Lu 2
Bn n c Ann (1I-18)
~n, 2hv
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Next substitute Equation (II-15):
4rr2e 2
B, 2 fe (I-19)
n'n hmcv nn
Substitution into Equation (II-7) gives:
4rre2NI, =NII~nnt) e f (11-20)NV' = Nn'v(nn') hm cv fnn 
which shows the photon absorption rate to be directly proportional to the
number of atoms per unit volume.
Note that v = c/X, so that Equation (II-20) can be rewritten:
4rr 2 e2 X
Nv = Nn'Iv(nn') hc2 fnn' (1-21)hmc
This equation makes it possible to compute absorption effects.
As the ionization limit is approached, the lines become closer together
and, as the limit is passed, a continuous phenomenon is found. The cross
sections for these processes are low and the atom populations that can interact
in this region probably also will be low. If the possible interaction rate can
be shown to be no problem in regions of high reaction probability when all
of the existing atoms are assumed to be in those regions, then other regions
do not need to be considered. This is the approach we will follow in this in-
vestigation. The implication is that the predicted wavelengths will not be
correct, but the order of magnitude of the predicted results will be higher
than would occur in the actual situation.
Molecular absorption coefficients normally are higher than those of
atoms or ionized atoms. This will be of no concern for the study being con-
sidered here because the probability of finding cesium molecules will be close
to non-existant.
3. 3 IONIZATION AND RECOMBINATION. The behavior for photoioniza-
tion is treated in much the same manner as photon absorption without ioniza-
tion. Following McDaniel (Ref. II-5), we recall:
I = I e
-
1 (II-22)
where:
I = final intensity
I 
°
initial intensity
4 = absorption coefficient, cm1
x = gas thickness, cm
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Also:
4 = qpN (II-23)
where:
= microscopic photoabsorption cross section
N = number density of the gas
For the absorption equation to hold, we require that the radiation be nearly
monochromatic so that there is no change in effective absorption with position
and i must be independent of gas temperature and pressure. The second con-
dition is satisfied if changes in p and T do not significantly change the gas
composition (for example, by molecular association or dissociation).
Photoionization cross sections may be related to the cross section for
capture of an electron by:
q(v) i Qe Vp (-24)
c =p1 P (II-24)
q 2frc2 300V e
where:
qc = radiative capture cross section (for electron
capture)
v = electron velocity
i = initial state statistical weight
f = final state statistical weight
e = electronic charge
m = electronic mass
V = potential (volts) corresponding to the energy of the incident
photon
Ve potential (volts) corresponding to the energy of the ejected
electron
From quantum mechanics:
h_ c e(Vi + Ve) eV 
X 300 - 300 1-3
where:
v = incident radiation frequency
X = incident radiation wavelength
V i = ionization potential of the neutral structure
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The photoabsorption cross sections for atomic systems are essentially equal
to the cross sections for photoionization. (This is not true for molecular
systems because a multiplicity of absorption mechanisms is available. )
Interestingly, an appreciable amount of molecular absorption may occur in
vapors that are predominantly monoatomic, such as the alkalis. The mole-
cular absorption cross sections are high enough that the cross sections may
not be ignored if a large number of collisions are taking place. Since, for
this study, the probability of a cesium atom colliding with another cesium
atom will be almost zero, the process may be neglected.
The alkali vapors can be ionized by ultraviolet photons. The relation-
ship describing this behavior is:
hv h- = eV. (II-26)
1i Xi 1
where:
v i = threshold frequency
i.= wavelength for ejection of the least tightly bound
electron
V.i = first ionization potential
h = Planck' s constant
c = velocity of light in a vacuum
Further:
12398-27)
i Vi (II-27)
where Hi is given in angstroms and V i is in volts. Ionization at wavelengths
longer than the threshold value can occur in a two step process involving
an atom that has already been excited. Wavelengths shorter than Xi are re-
quired to eject electrons other than the one with the smallest binding energy
in the atom.
For hydrogen-like structures, we may compute cross sections from
the equation:
=g(32TT2e6RZ4
q (v, n) - (32 3 eRZ) (II-28)
p (3 h 3 v n)
where:
R = Rydberg constant
N = principal quantum number of the initial state
g = factor (see, Refs. II-6 and II-7)
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Marmo (Ref. II-8) and Ditchburn (Ref. II-7) provide additional information.
According to Marmo, the probability of photoionization of a cesium atom in
the upper atmosphere is 6.5 x 10 - 4 per atom per second.
Recombination is described by:
R = ccn n (11-29)
where:
R = number of recombination events per unit time and
volume
n = number density of each of the charge carriers
ca = recombination coefficient (cgs units of cm 3 /sec)
The recombination coefficient can be related to the recombination cross
section by:
x= I voqr(vo)f(vo)dv (II-30)
0
where:
f(v) dv = fraction of encounters between positive and negative par-
ticles in which the relative velocity lies between v
o
and
v + dv
o o
For most cases, a can be approximated by:
a =v 0 qr(Vo ) (II-31)
where v is the mean value of v.
O O
Radiative recombination behaves according to:
X + e > X + hv (II-32)
For thermal electrons (-300K), radiative recombination coefficients are in
the range of 10-11 to 10-12 cm 3 /sec for various positive ions.
Bates (Ref. II-9) has studied electron-ion recombination for optically
thin plasmas. He wrote the equation:
Y =a - SXn(1)/n(c) (II-33)
*Cross section times intensity
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where:
y = effective two body rate coefficient or collisional-
radiative decay coefficient
ac = collisional-radiative recombination coefficient
S = collisional-radiative ionization coefficient
X = n(c) / n(N + )
n(l) = number density of atoms or ions in the first
level
n(c) = number density of free electrons
n(N+) = number density of singly charged ions
He neglects electronic transitions due to atom-atom, atom-ion, and ion-ion
collisions. He further supposes all radiation escapes without absorption.
Further:
L = n(l)/n(c)2 (II-34)X
where:
n(l) = rate of disappearance of free charges
ns(l) = an(c)/XS (II-35)
m(l) = yn(c)n(N+ ) = -A(N + ) (II-36)
Some of his tables provide data for a modified hydrogen atom which serves
as a crude model of an alkali atom with excitation potential 1. 9 eV and ioniza-
tion potential 3. 4 eV. (This is close to cesium.)
Marmo (Ref. II-8) points out a serious discrepancy between theoretical
and experimental determinations of electron-ion recombination rates and
concludes other processes besides radiative recombination are taking place.
The collision frequency between electrons and neutrals in the gas phase
is given by (Ref. II-10):
/ 8kT )1/2
= ( e ) nQi (11-37)
where:
-1
v = collision frequency, sec
k = Boltzmann constant 1.38 x 10 - 16 erg/°K
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T
e
= electron temperature, OK
m = electron mass
e
3
n i number of atoms of specie i per cm3
Qi collision cross section of specie i, cm 2
Elastic electron-atom collisions are important only in high pressure plasmas
(Ref. II-11). Inelastic electron-atom collisions are important in both low
and high pressure nonequilibrium plasmas.
Nygaard (Ref. II-12) presents cross section data for electron-impact
ionization. First, we write the electron mean free path as:
A = (n)- (II-38)
where:
n = cesium density, atoms/cm3
2(IU = cross section, cm2
The slope of the 6s cross section curve is 2. 7 A 2 /eV from a = 0 to~7A2
It reaches a maximum of about 9. 5 A2 at-15 eV and the total cross section
curve never exceeds this value (to the reported limit of the study at 100 eV).
Another equation which can be used to compute the rate of ion produc-
tion in a gas column due to electron impacts is:'
nnadKIexp kTe) (II-39)
where:
n = electron (gas) density
na = atom density
d = gas column depth
K = factor which includes differential ionization cross section
of the gas averaged over all excited states (and other quanti-
ties which are weakly dependent on n, Te, and TE if recom-
bination is negligible
V ionization potential of unexcited atom if all excited atoms and
I their resonance photons are rapidly lost from the plasma
"Derived for emission of electrons from a hot surface.
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(when excited atoms and their resonance radiation are pre-
ferentially trapped in the plasma, V I becomes the excitation
energy for the limiting step leading to ionization.)
k = Boltzmann constant
Te = electron (gas) temperature
T E = emitter temperature
The total effective emission current from the neutralizer (emitter) is:
Js= JS ji (II-40)
where:
J = total current
s
JS Schottky enhanced emission current
J. = positive ion current from the ions
1*
S= Jsexp(4. 4E/2 /TE) (11-41)
where:
E = field strength, volts/cm
T E is in OK
zero field electron emission current density
s
The zero electrical field electron emission current density is:
Js' =ATE 2 exp(-E/ kTE) (II-42)
where:
A = Richardson constant
TE = emitter temperature
=E  emitter work function
k = Boltzmann constant
which can be applied to predict these characteristics.
Additional information in these general areas can be obtained from
Hansen (Ref. II-13) and Dayton (Ref. II-14).
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Many of the referenced tables are reproduced by Lyon (Refs. II-15 and II-16),
who also presents a more detailed discussion of some of the events which
are taking place.
4. RADIO-FREQUENCY INTERFERENCE (RFI)
There are two basic means for interaction of radio waves with ionized
particles. In the first, charged particles may attenuate a signal by energy
removal. In the second, a wave can be changed in direction as it moves from
a region carrying one charge density to one with a different density. In the
first, if the charged particle density if sufficient high, the signal may be
absorbed completely; in the second, waves may be completely reflected, as in
the ionosphere.
The interaction mechanism is one of transfer of energy to the charged
particle with a resulting oscillation of the particle. If there is no interaction
of an atomic particle with a surrounding medium, it eventually will reradiate
the energy at the same frequency as the one absorbed. If there is such an
interaction, as will occur in an event with another particle, some of the energy
may be transferred, and as a result the radio energy is permanently lost. In
the atmosphere at low altitudes (about 40 or 50 miles), collisions will occur
at a rapid rate, and if there is a large charged particle density, the wave will
be attenuated very rapidly. At orbital altitudes, the ambient densities are
much less, and there is a high probability that the absorbed energy will be
re-radiated.
The phase change velocity of radio-frequency waves traveling through a
medium may be calculated from (Ref. II-17):
cu (II-43)
2me
rrm f2
where:
u = phase velocity
c = velocity of light in a vacuum
n = particle density
e = particle charge
m = particle mass
f = electromagnetic wave frequency
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The phase refractive index of the ionized particles is given by (Ref. II-17)
2
c me
r = = me (11-44)U rrmf2
5. CESIUM CHARACTERISTICS
We have mentioned that the optical structure of an atom is due to the
various energy levels of the electrons. With an insensitive spectrometer,
some lines will appear broader than others. If these same lines are examined
more closely with an instrument that possesses greater resolution, the lines
will be seen to be composed of a number of fine lines. These are termed
"fine structure" lines or "multiplets. " The splitting is due to interactions
between the electron spin and associated magnetic moment effects. Analysis
of these effects for the alkali metals shows that doublets and triplets are to
be expected. These normally are compiled in the existing data for spectra,
as shown in Table II-1 for cesium. Note the closeness of the first two lines
of the principal series, one at a wavelength of 8943 A and the other at 8521 A.
This is a doublet. The next two lines occur at 4593 A and 4555 A, another
doublet. Also note that four series are tabulated for cesium. The terms
came about from the history of the study of the lines. The sharp series was
so termed because the lines were observed to be sharp, as opposed to the
broad fuzzy appearance of the diffuse series. The principal series was so
named because these lines normally are the strongest ones of the spectrum.
In general, transitions do not occur between the different lines of the same
series. Further, they do not take place between all of the different series,
but instead are subject to selection rules which we will not go into here. We
will separate the various members of each series by simply stating that each
may be described by the quantum numbert. The sharp series is described
by t =0, the principal by t = 1, the diffuse by t = 2, and the fundamental by t, = 3.
The principal series involves transitions which end at the ground state. The
sharp and diffuse series for cesium both end on the doublet line at the first
level above the ground state.
Many lines possess a structure that can be broken down even further
than this. Lines which exhibit a structure finer than the "fine structure" are
termed to have a "hyperfine structure". This is determined by the properties
of the atomic state and by the nucleus. Although filters can be used to absorb
all but one of the lines in a fine structure group, none have been developed
which will allow one to examine the hyperfine structure of which a fine struc-
ture line is composed. Therefore, one must examine the behavior analytically.
Cole (Ref. II-19) has studied a portion of the hyperfine structure of cesium.
He found the 8521 A line to be composed of four lines, while the 8943 A line
actually was composed of six lines. The smallest separation of the lines is
of the same order as the Doppler broadening. Therefore, the lines can be
seen in a rarefied atmosphere and, for a careful analysis, one would want
to consider them for some applications.
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TABLE II-1. CESIUM SPECTRA (REF. II-18)
Principal Series Sharp Series
ew from
Ground State
1.386
1.455
2.699
2.721
3.188
3.198
3.427
3.433
3.562
3.566
A (ngstrom)
14694.8
13588.1
7944. 11
7609. 13
6586. 94
6354. 98
6034. 6
5839. 11
5085
4945
ev from
Ground State
2.299
3.016
3.337
3. 509
3.893
3.893
Diffuse Series Fundamental Series
X(angstrom)
36127
34892
30100
9208.4
9172.23
8761.35
6983.37
6973.17
6723.18
6217.27
6212.87
6010.33
5085
4945
ev from
Ground State
1.798
1.810
2.801
2.807
3.230
3.233
3. 449
3.450
X (&ngstrom)
10124.7
10120. 0
10025. 1
8079.02
8078. 92
8015.71
7279. 95
7279.89
7228. 53
5952
5917
ev from
Ground State
3.034
3. 344
3.513
3. 893
3. 893
3.893
3.893
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8943.46
8521.12
4593.16
4555.26
3888.65
3876.39
3617.41
3611.52
3480.13
3476..88
3184.2
X (angstrom)
5. 1 LINE WIDTH AND MEAN LIFE. Equation II-2 gives the line width as
a function of the mean life. This has not been obtained in our search of the
literature, but it can be computed readily from some of the other data. To
perform the calculation, first note that:
V = c/X
This and Equations II-11 and II-15 can be combined to yield:
2 28rr2e2 2j' + 1
nn' 2 2j + 1 nn'
mcx
which allows computation of the decay coefficient from X and f.
Mean life is imply 1/A nn. Therefore Equation (II-2) is:
an' 
4rr e2A = 22
me
2j' +1 
2j+l 
(II -45)
(11-46)
The following values (cgs) are applicable:
-10
e = 4. 80 x 10 esu (statcoulomb)*
m = 9. 11 x 10 2 8 gm
c 2. 99x 1010 cm /sec
Therefore:
2
2
mc
-123.55 x 10 cm
and:
A = 3. 55 x 10 12 2j' +1 2j+l fnn'
For the P1/2 and P3/2 initial states, respectively:
2j' + 1 = 1
2j + 1 2j' +1 1 /22j + 1
*The units of e (or ¢, depending upon the reference) can introduce an under-
standing problem. Electrostatic force is described by F = kqlq2 /r 2 where
k = constant, q = charge, r = distance. In the cgs system, k = 1. If q1 = q 2 = e
we find e 2 = Fr 2 dyne cm 2 esu 2 .
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(II-47)
The oscillator strengths are given by References II-20, II-21, and II-22.
Taking values for the first two states of 0. 394 and 0. 814, the line widths are
1.4 x 10-12 for each of the first two lines. The decay constant is given by:
A 0. 667 2j' +1 (11-48)
Ann,' 2 2j + 1 f nn
and these are 3.29 x 107 sec- 1 for the first line (8943 A) and 3.74 x 107
sec
- 1 for the second line (8521 A). Line widths for the next two lines are
smaller by about a factor of 100. (See References II-15 or II-16 for addi-
tional detail.) These line widths are very narrow.
5.2 ENERGY ABSORPTION. Since the visible spectrum is many angstrums
wide, and the line widths are very narrow in comparison, the fraction of
energy that can be absorbed from the visible spectrum is completely negligible,
as one would expect from introducing a material that absorbs only a finite
number of narrow lines. Now the question becomes one of whether the lines
can be seen at all. This aspect of the problem has already been studied, in
effect, by Cole (Ref. II-19). He investigated the 8521 A line in detail and
foyund the absorption to be negligible for atom concentrations less that about
109 atoms/cm2 and found it to be very small for concentrations of less than
about 1010 atoms/cm2 . Therefore, the theoretical aspects of the absorp-
tion will not be pursued further because the concentration of cesium is con-
siderably below this level.
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APPENDIX III
LITERATURE BACKGROUND
1. INTRODUCTION
Little work has been published concerning the behavior of material
released at orbital altitudes that will be of use to this study. Considerable
effort has been devoted to the release of material that already is present
to some degree, such as water and particulate matter. Here, however, most
of the interest was in the area of observations from spacecraft and how the
released material would affect the observations. None of this will be of use
for the proposed cesium release. To our knowledge, only three brief studies
have been performed that are applicable, and these were done for mercury
thrusters. None of these have been published, but they contain interesting
information. Therefore, they will be presented in some detail in the first
part of this appendix. Then the information will be compared and evaluated
with respect to the effects upon cesium thruster behavior. Finally, some
other information that may be of interest to predicting cesium effects will be
discussed.
2. MERCURY THRUSTER INVESTIGATIONS
2. 1 HUGHES RESEARCH LABORATORY STUDY. Knauer (Ref. III-1) has
investigated the effect of mercury ion thrusters upon the upper atmosphere.
He based his study on an assumption of a five to ten year lifetime for satellites
with about 20 to 50 orbit raising maneuvers annually. He estimated about
200 kg of mercury to raise a medium sized satellite to synchronous orbit by
ion thruster, with a total discharge of about 10 tons annually. He compared
the amounts released in this manner to the quantities released by natural
means, such as volcanoes, and concluded that there was no problem with
respect to a potential health hazard. He also eliminated problems of a
physical nature from within the lower atmosphere on the same basis. It is
already there in quantities far in excess of the amount that could be added from
ion engine sources. He found that situation to be far different in the outer
atmosphere. Here, there is a low heavy metal population, and the population
introduced by the ion thrusters far outweighs the natural population. Upon
investigation, he found that two phenomena probably would reach observable
levels. One was the generation of an artificial belt of mercury ions around
the earth much in the manner of ions from the Starfish nuclear explosion, but
with a much lower flux and energy density. The other was the generation
of faint artificial auroras at the locations where ion beams from low orbiting
satellites enter the atmosphere. He could not provide high quality numbers
for the expected phenomena because of the unavailability of basic data, but
did conclude that nothing would occur that would interfere with natural process-
es or with observation of faint natural phenomena. Interestingly, he felt the
effects should be looked on as benefits since they would provide additional items
that could be studied to learn something of our environment.
Knauer first considered the release of mercury at low altitude because
the mercury thruster was considered as being applied in an orbit raising man-
euver from a low altitude orbit. The original charged material therefore
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remained at low altitude because it would follow the magnetic force lines
back and forth between the earth's poles. At this altitude there is a strong
likelyhood of collisions which slow the ions. Some of these collisions will
also result in a loss of charge. Other ions will remain charged after being
slowed down, and will behave in a manner similar to the material released
in the high altitude release experiments with barium. With mercury, resonant
charge exchange mechanisms are ruled out because the ionization energy
of mercury is stated to be too low. The lifetime that would result from radia-
tive recombination is stated to be of the order of months, and therefore this
is excluded as a removal mechanism. This leaves three-body collisions and
dissociative recombination. Three body collisions will represent an effective
means only if there is a relatively high density since the collision rate other-
wise will be low. Dissociative recombination is stated to be an effective re-
moval mechanism at altitudes as high as the ionosphere. One mechanism is
the reaction with hydrogen to form Hg H with a binding energy of 2. 3 ev. Then
the molecule, which is still charged, can dissociate in the presence of electrons
to form excited mercury and hydrogen atoms. The rate coefficient for this
process is not known, but is believed to be somewhere in the vicinity of 10-8
cm 3 /sec. The corresponding lifetime is of the order of hours. Once the ions
have been discharged, they no longer are constrained to follow the magnetic
field lines, and can become distributed more or less evenly over the earth's
surface (while still in the atmosphere). Then the atoms become attached to
dust particles and water droplets and are removed by rain. An atom remains
in the atmosphere, on the average, for about one year.
A possible atmospheric effect is a contribution to airglow, which is a
summary of many contributions. Typical is twilight glow, caused in part by
scattering of solar photons by sodium atoms (5893 A). This scattering takes
place at about 80 to 110 kinm, where the density of natural sodium is about the
same as that of natural mercury. But, earth based observations have provided
no evidence of a mercury spectrum. The resonance transitions for mercury
occur at 1850 A and 2537 A. The solar spectrum is relatively weak at this
energy, but still strong enough that a significant reaction rate is possible.
Resonance scattering of radiation by neutral atoms may be estimated from:
r e f 2 F
2
mc
where:
a = excitations/atom sec
f = oscillator strength
A = wavelength
F = effective photon flux per unit wavelength interval
With f (1850) = 1. 3, f (2536) = 0.03, F (1850) = 5.6 x 10 1 1 /A sec and F (2537)
= 4.25 x 1012 /A sec the excitation rates become a (1850) =2.5 x 10- 2 /sec and
ac (2537) = 2. 25 x 10- 3 /sec. The unit optical depth for radiation of 1850 A
is reached near 60 km altitude, that of 2537 A near 40 km. The number of
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natural mercury atoms in a vertical column above 60 km amounts to about
2 x 10 1 /cm2 , that above 40 km is 2 x 10 1 2 /cm2 . This leads to total resonance
scattering rates of 5 x 10 9 /cm2 sec = 5000 Rayleighs (R) at 1850 A and 4. 5 x 109/
cm 2 sec = 4500 R at 2537 A. The detection limit is about 10 R. Consequently,
this radiation probably could be seen by an observer located above the atmos-
phere. On the earth' s surface, it is not seen because the atmosphere absorbs
the short wavelength radiation. In any event, the estimated contribution of the
mercury from ion thrusters is below the detection limit, even above the atmos-
phere.
Another contribution to airglow is nightglow. This is partly due to a re-
comnbination of ions and electrons which are generated by solar radiation during
the day. For ionization, mercury requires radiation of wavelength shorter
than 1180 A. The altitude of unit optical depth for this wavelength is 80 km.
At least a part of the natural mercury should be ionized from this altitude on up.
In theory, one could calculate the concentrations that would exist if the physical
data were available. However, the required photon ionization and recombina-
tions are stated not to be well known. Nevertheless, they can be estimated by
taking Hinteregger's photon fluxes (Ref. III-2) for wavelengths shorter than
1180 A (the ionization limit). The total flux is roughly 5 x 1010 Dhotons/cr 2
sec. Next assume the photoionization cross section is about 10 -7/cm 2 .
At 80 krm altitude the atmospheric density is 1014 particles/cm3 . Natural
mercury should contribute a fraction of 2 x 10-11 to the total density; there-
fore, it should have a density of 2 x 103/cm3 . Accordingly, the photoioniza-
tion rate should be about (10 - 1 7 ) (5) (1010) (2) (103) = 10-3cm0 sec.
The recombination rate of ions with electrons can be determined from:
dN.
6 N i Ndt 1 e
where:
N i = ion density
6 = recombination coefficient
N = electron density.e
If recombination occurs via the reaction:
Hg + H - Hg H +
Hg H + e -- Hg' + H
then the recombination process is dissociate in nature and the recombination
coefficient should be on the order of 10-8 cm 3 /sec. At 80 km altitude the
electron density is 103/cm3 . Accordingly, the recombination rate is 10-5/cm3
sec. In equilibrium, ionization and recombination rates must be equal. By
equating the rates the ion density is 10 2 /cm3 at 80 km altitude, which corres-
ponds to five percent of the atom density.
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The rate of photon emission resulting from recombination is estimated
simply by assuming that each newly formed atom is highly excited and, even
though emitting several photons, will generally yield one photon of a kind.
Assuming five percent ionization, the total number of ions in a column extend-
ing from 80 km upwards is 10 8 /cm2 . Thus, the total number of photons (of
one kind) emitted by this column is (10-3) (108/102) = 103 photons/cm2 sec
10-3 R which is too small to be observable.
The ion thruster caused mercury contribution to the radiation will be
about a decade lower than this, 10 - 4 R.
Release from a high satellite in an equatorial orbit will'cause an entry
into the geomagnetic field at a high pitch angle. Therefore, the mirror points
will occur at low latitudes (high altitudes), and trapping within the magnetic
field will be quite effective. Fluctuations of the geomagnetic field are stated
to be small at low altitudes, and this possible mechanism for the transfer
of ions across magnetic lines will not be an effective removal mechanism.
(Note that this appears to be in disagreement with the discussion in Appendix
I, Section B.) The removal mechanism therefore is stated to be due to some-
thing else. The most likely process is charge exchange with atomic hydrogen.
It will have to be a non-resonant charge exchange process because the ioniza-
tion energy of mercury is below that of hydrogen. Therefore, the cross section
for the process has to be small. The charge exchange lifetime is given by:
T= 1/Nav
where:
N = neutral hydrogen density
C = charge exchange cross section
v = ion velocity
With an assumed cross section of 10-16 cm2 N = 1000/km3 at an altitude of
6000 km, and v = 4 x 106 cm/sec (2000 eV), the lifetime is about one month.
Therefore, if one third of the assumed annual release of ten tons is trapped
at latitudes sufficiently low for long life trapping in the magnetic field, the
trapped belt population can be found to be about 1027 ions. The energetic
electron population from the Starfish explosion was estimated to have been an
initial 1026. Of course, the starfish electrons were of a much higher energy
than the mercury ions, and the potential energy available on a per particle
basis therefore was greater. Still, there are more mercury ions and one
would expect to be able to see an effect. If the assumption is made that the
mercury is spread over a volume of 10 28 cm 3 , the flux density will be about
10 5 /cm2 sec. Fluxes in the natural belts are about 106 to 108 protons/cm2
sec with energies below about 0. 1 MeV. Separation of mercury ions from
protons at these levels should be possible with charged particle detectors,
which means that they can be found if they exist at the predicted population
density. They cannot be seen visually, however, because the estimated photon
density due to resonance scattering at 1650 and 1942 A is much too low to be
detected.
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Knauer states that if ions are ejected at a relatively short distance from
the atmosphere, they will not be trapped by the geomagnetic field, bdt instead
will reach the atmosphere directly along the magnetic lines. His sketches
appear to indicate that the assumed directionality of the ion beam is perpendi-
cular to the earth's surface. Hence, the ion beam, when first released, is per-
pendicular to the field lines and does not have the required parallel component
for a mirror point to occur at high altitude. Therefore, the postulated behavior
is that the ion beam reaches the atmosphere along field lines with roughly its
entire original kinetic energy. This energy will be decreased by elastic and
inelastic collisions with the environmental atoms. The resulting excited atoms
may generate a great enough photon density that the location of reentry of the
ion beam can be seen. The behavior would be very similar to the natural
generation of aurora. Protons are in part responsible for the natural effect,
with an estimated energy generation of 10-8 erg/photon. One problem with
trying to estimate the effect for mercury is that the photon conversion effi-
ciency is not known. (The excitation rates for hydrogen, helium, oxygen, and
nitrogen upon mercury ion impact are unknown entities. ) To estimate the
effect, Knauer assumes the ion beam will cover less than the area enclosed
by one ion cyclotron diameter,which would be about 1011 cm 2 . With an ion
beam of ten amps, and an energy of 2000 eV, the energy flux is two ergs/cm2
sec. This leads to a radiation intensity of 200 R. This is a faint effect, but
should be visible.
Knauer's conclusions are summarized in Table III-1.
TABLE III-1. ENVIRONMENTAL EFFECTS OF
MERCURY FROM ION ROCKETS
Effect
Health Hazard
Approx. Intensity
2 x 10-6 4g/m3
Comm ent s
Concentration in air
is well below health
limit of 1 4g/m3
Airglow
Twilight glow
Night glow
Artificial Auroa
Artificial Ion Belt
0.5 R
-610- R
200 R
Radiation intensity is
below detection limit,
natural mercury with
5000 R could be visible
above atmosphere.
Well below detection
lim it.
Should be faintly visible.
105 particles/cm2 Particle flux should be
sec observable with charged
particle detectors
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2.2 NASA LEWIS STUDY. Other work has predicted that there will be no
effect of any observable nature. Masica (Ref. III-3) has performed a limited
study based upon the SERT II. He used a sun-synchronous circular orbit with
a radius from the center of the earth of 7300 km,and with a polar inclination
angle of 990. Orbital period assumed was 105 minutes and the average space-
craft velocity was 7. 3km/sec. The assumed ion engine location is such that
the ion emission is directed along the radius vector of the orbit. Emission
rate is 1018 singly ionized mercury atoms per second. Since the ion beam is
neutral, the same number of electrons will be emitted. The accelerator operated
at 3 kev, with a resulting ion velocity of 53km/sec. With an assumed flight time
of 18 months, the quantity of ionized mercury released is 24 kg. Orbital alti-
tude changes by about 100 km during the flight.
Variation of the earth's magnetic field is from about 0. 4 gauss at the
geomagnetic pole to about 0.2 gauss at the equator at an altitude of 103 km.
The radius of gyration for a nonrelativistic charged particle in motion within
the field is given by:
r = m v sinc/q B (III-1)g
where:
q = particle charge
m = particle mass
v = particle velocity
Cl = pitch angle as given in Appendix I
B = magnetic field strength
This radius approaches zero at the poles. At the equator, it is about 5.2 km,
sufficiently small that Alfven's guiding center approximation for the motion
of the charged mercury may be used. A dipole magnetic field also is assumed.
The first invariant of the motion is given by Equation 1-2. The author
then adds that if the mirror point occurs at altitudes of less than about 100 km
the particles will be removed from the magnetic field very rapidly. He next
stated that he set Bm = 0. 5 gauss, the approximate value at 100 km, and sub-
stituted a range of angles for the orbital flight path. There resulted the con-
clusion that the only mercury that would be trapped by the earth's magnetic
field would be that emitted in a shell extending across the equator from 35 S to
350 N. This is consistent with the behavior of trapped protons in the earth's
natural charged particle field. This then lead to the conclusion that a maximum
of 9. 6 kg of mercury would be trapped above the F layers in the ionosphere.
The second invariant of the motion, which relates the longitudinal oscil-
lations of the ions between the mirror points, is given by:
J = (v tb cosC)/2 = 2 ro(1. 30 - 0.56 sinca) (III-2)
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so that:
J 2
TT (1. 30 - 0.56 sin a) > 0. 5
o
where:
J = north to south oscillation path length
tb
(III-3)
= bounce time
r w = radius of spacecraft orbit
which means that the particles spread over a wide latitude range.
Next, a third invariant of the motion is introduced that is associated
with a longitudinal drift in the particle motion. For positively charged parti-
cles, the motion is from east to west. The period of this drift around the
earth is:
(1 + E) mere
td. E(2 + E) m + rHg 0
(1. 2 x 104) ; 106 sec
= drift time
E = kinetic energy to rest energy ratio
m = electron mass
e
earth radius
= rmercury ion mass
Now the density of mercury ions that are deposited by the ion beam can be cal-
culated. The smallest radius of gyration for trapped particles is:
= rg/O = 0g' 0=0
sin a
max ; 2 km
2
where the factor of 1/2 is used to account for the maximum
at 0 = 350 with a-max = 450 and 0 = latitude. The number of
in a unit volume in one second per orbital pass is:
n(Hg + ) emission rate 1018
spacecraft velocity x ir rg 2 (7. 3)() (2) 2
increase in B
ions deposited
L 10 Hg /cm3
Next the possibility of trapped mercury ions combining to form neutral
atoms is considered. The expected recombination rate is small, but never-
theless may be significant over the assumed 18 month orbital life. Typical
III-7
where:
td
(III-4)
r
e
mHg
rgmin = rg0 = 350
properties taken at 10 3 km are 106 air "molecules'Ycm3 , 10 4 e-/cm3 , and a
mean free path of 10 5 to 106km for a particle with about a 10 - 8 cm radius.
The author concludes that if a neutral atom is formed, it probably will be lost
if it retains a signficant amount of its original kinetic energy because of the
large mean free path at that altitude.
Next, the probability of photoionization is considered. This is given by:
Hg + hv -o Hg + + e
A comparison using known electron ionization cross sections for lithium gives
an estimated value for mercury of 10-17 cm 2 . With a solar flux intensity of
about 1013 quanta/cm2 sec at the transition point of 1200 A, the probability
of a photoionization is about 10- 4 /sec.
One loss mechanism is an electron-ion reaction which results in radia-
tive recombination. The process initiates with the reaction:
Hg + + e -- Hg + hv
The emitted wavelength is stated to be about 1200 A, which means that all of
the energy has been assumed to be contained within one photon and that there
has been no allowance for the kinetic energy effects which might have resulted
in some other behavior. As a first guess, this certainly is a good approach.
If this type of behavior takes place, it will not be seen from the ground because
the emitted wavelength is well below the atmospheric cut-off. The number of
recombinations per unit volume per unit time is given by:
R = f n(Hg + ) n (e-)
where the recombination coefficient is given by:
a va cm 3 /sec
The listed properties at 10 km lead to the approximation that the cross section
for mercury ions is about 10-17 cm 2 . Therefore the recombination coefficient
is about 10 - 11 cm 3 /sec. This is about the same size as the value for most
atmospheric ions. Taking the number density of the mercury ions to be 10/cm3 ,
the author found R ; 10 /cm3 sec. Therefore, the radiative recombination rate
is very small. For equilibrium to be maintained with an influx of 10 Hg+/cm3
sec would require n(Hg+) = P (Hg+ ) 10 7 Hg+/cm3 . The author further states
that this number would be an upper limit on the ion density concentration.
Other loss mechanisms also are mentioned. These include ionic reac-
tions, such as charge transfer processes and ion-atom interchanges with 02.
Reaction rates for these processes may be scoped by considering that the
photoionization cross section for mercury ions is about a factor of ten lower
that for mercury atoms. Further, the solar flux at the absorption wavelengths
is about a factor of 100 lower. Therefore, this type of loss process will be
negligible. The effect of nuclear collisions, cosmic ray and solar wind inter-
actions, and similar phenomena also are felt to be entirely negligible. There-
fore these other loss mechanisms were neglected.
III-8
The analysis to this point has shown that the emitted density flux per
orbital pass is about 10 mercury ions per cubic centimeter, and that the
maximum local concentration that is possible is about 107 Hg+/cm3 . Next
the accumulation of ions over the flight duration must be considered to find the
maximum number density.
There are four factors which will tend to distribute mercury ions over
the earth's surface. These will tend to retard the accumulation of ions in one
location, and therefore must be considered. They are:
(a) The east-west drift associated with the third invariant of the
ion motion.
(b) The east-west rotation'of the magnetic field caused by the earth's
rotation.
(c) The dispersion caused by the precession of the spacecraft orbit.
(d) The local inhomogeneity, violation of the invariants, and long
term temporal variations in the earth's magnetic field.
These four factors lead one in the direction of assuming that the ions are
spread in a homogeneous manner over the spherical 100 km thick atmosphere
that covers the earth. With no loss mechanisms, the uniform density would
be of the order of one ion/cm3 . The author felt that this approach should not
be followed until it was investigated, and therefore went into the distribution
of material. He first decided to ignore the precession of the spacecraft
orbit and assumed a constant orbital altitude. He next considered a fixed
elemental volume located at the equator, where the number density should be
the greatest. Next, a constant recombination rate of 10 - 6 was selected. Now,
at time zero, the spacecraft is assupmed to pass through the elemental volume
and deposits a density of 10 Hg+/cm . The drift and rotation of the magnetic
field causes the ions to move out of the reference elemental volume prior to
the next pass of the satellite (6300 sec). The next insertion of ions into the
elemental volume therefore takes place about a factor of 100 later than would
otherwise have been the case. The accumulation is described by:
p(Hg+) n 
-
1 + 2 + + 
= x +x+x
10 Hg /cm
where x = 0.99 at R = 10 
-
, tl10 5 sec, and no number of orbits. Therefore:
n
no 2 no 1 ~ x 
+ x = +x + + x ° - 1x =10 1-x
n - o
o
and:
p(Hg+) = 103 Hg+/cm3
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for the 18 month duration of the flight. The estimate is very conservative
because of the loss assumptions that have been made. This is the maximum
number of ions that will accumulate during the orbit of the SERT II.
Next, one needs to consider the intensities of the radiative transitions
that can take place. There are two classes for concern. One is the radiation
from radiative recombinations of the mercury ions, and the second is the
radiation from decay of excited mercury ions which result from electron col-
lision transitions. The total intensity of the radiative recombinations is given
by:
4rrI = NPh v
where:
N = fraction of sites undergoing the transition
P = transition probability
For the radiation recombinations withR = 10 -6, NP is a maximum of the order
of 10 - 3 , and the intensity is about 10 - quanta/cm2 sec ster. These radiative
transitions are stated to be absorbed by the earth's atmosphere and therefore
are of no concern. The second class of transitions are those with wavelengths
between 3600 and 6000 A. There are about a dozen lines in this range. Taking
the transition probability of these as 10
-
3 that of the principal lines, one finds
an intensity of 10 - 6 quanta/cm2 sec ster.
There are other effects which are neglected. These include radiative
excitations, stimulated radiation, and Raman scattering. The last two are
stated to be insignificant. The first is stated to be negligible because it will
produce no net change on the earth's surface. This is incorrect. The argument
that is presented is the radiative excitation transition will be immediately follow-
ed by a radiative decay at the same wavelength, and hence there will be no change
in the solar spectrum that reaches the surface of the earth. The reason this
may not be true is twofold. First, the re-radiation process is an isotropic one
in which the probability of photon emission is equal in all directions. Hence, the
photon flux reaching the earth's surface could be decreased by the interactions.
Second, the decay process does not always result in the same wavelength
photons being generated as were absorbed. The assumption is good if one is
interested in the total quantity of energy involved (and indeed we have used the
assumption in some of our work), but may introduce an error if one is interested
in a careful evaluation of the spectral characteristics.
Finally, a column height of 100 km is considered, which results in an in-
tensity of 10 quanta/cm2 sec for the entire column. This is the same as about
10 - 5 R, a value too low to be seen. (Less than 102 is sub-visual.) The inten-
sity of the principal sodium line in the night glow spectrum is of the order of
10" R. The lower levels in the night glow are about 10 R. Thus the intensity
of radiation at the maximum estimated number density of mercury ions is of
the order of 10-6 that of anything that is seen in the night glow spectrum.
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2. 3 PRINCETON UNIVERSITY COMMENTS. Jahn (Ref. III-4) has come up
with some very preliminary conclusions based upon discussions and a simpli-
fied model in regard to the SERT II thruster. The analysis is based upon a
spacecraft altitude of 540 n. m. At this altitude, the magnetic field of the
earth is stated to vary from about 2.0 x 10 - 5 weber/m2 at the equator to about
3.8 x 10 - 5 weber/m2 at the poles. A mercury ion emitted with a velocity of
4 x 104 m/sec in a direction of 9. 50 to the vertical while the spacecraft is
near the equator has a gyro radius of about four kilometers. If the spacecraft
is considered as progressing toward the poles, the magnetic field increases
and the thrust angle with respect to the local magnetic field decreases, which
both decrease the gyro radius. He concludes that the ions therefore will be
trapped within the magnetic field, and that the thickness of the shell that is
thus formed will be equal to the local gyro radius. Other conclusions also
are similar to those of the previously discussed work, namely that the ions
will be reflected back and forth between the mirror points and that they will
drift in the westward direction due to the radial gradient in the magnetic field
intensity. This behavior leads to the conclusion that the ion density in the
azimuthal and polar directions will be roughly uniform. The behavior in the
radial direction is felt to be more difficult to estimate. This statement is
based on the statement that the spacecraft will spend more time over the
equatorial flux shells than over the polar ones. The postulated distribution
is felt to be roughly as shown in the following sketch:
N
Near Equator
Near Poles
Spacecraft
Altitude
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As a first step in the analysis the author assumes the radial profile of
the mercury ion density has a perfect spherical uniformity. Therefore, the
areal density of ions seen by an observer on the earth's surface who is looking
outward to infinity will be about 10 7 /cm2 . If all of these ions were contained
in a shell of one gyro radius thickness, the density would only be about 30/cm3
The density of the natural species at this altitude is given asO1 = 106; He = 105;
H 1 , N 1 , and N2 = 5 x 104; and2 = 103. The density of natural mercury in the
solar environment is stated not to be well known, but that in interstellar space
is stated to be about 10-11 that of H 1 , which is about one/cm3 . If we look
toward the edge of our galaxy in its plane, an areal density of natural hydrogen
of about 1021/cm2 will be seen. This means the density of natural mercury
will be about 10 1 0 /cm when looking in the same direction. This is 103 larger
than the contribution from the artificial mercury introduced into the earth's
environment by SERT II. The author adds that the best telescopes require
about 1012 before recording spectra in either the emission or the absorption
modes.
He concludes that the bulk of the mercury will be trapped near the orbital
sphere of the spacecraft and that virtually none of it will be trapped near the
Van Allen belts. The resulting volumetric and line of sight densities will be
far too low to be seen in any manner associated with astronomical spectra.
Then he' adds that, because of these conclusions, he did not go into the time of
decay of the mercury after it was released. He added, however, that if the
release of considerably more mercury that for the SERT II was to be considered,
then such a calculation would be in order. The expected principle loss mech-
anism would probably be loss of material in the vicinity of the mirror points.
3. OTHER RELEASES AT HIGH ALTITUDES
A number of other studies have been performed that contribute some
understanding to the potential problems that are of concern here. One of the
most applicable is that of Kellogg (Ref. III-5), who investigated the amount of
material that would have to be introduced into the upper atmosphere on a con-
tinuous basis in order to double the natural worldwide concentrations. He con-
sidered the natural atmospheric abundances, the residence times in various
atmospheric regions, and the chemical and photochemical stability.
The natural composition of the heterosphere (the region above 105 km)
is shown in Table III-2. The quantities of sodium, potassium, calcium, lithium,
etc., and their oxides and ions are stated to be difficult to assess quantatively.
Observation and theory indicate that the free sodium atoms have a maximum
concentration at about 90 km altitude. (The sodium can be detected by resonant
scattering or absorption of sunlight.) Concentrations at altitudes below this
decrease rapidly due to oxidation at the higher pressures. Above 90 km, the
free atoms predominate. Above 105 km, free sodium is in diffusive equili-
brium with the rest of the atmosphere. The alkali metals K and Li also have
been observed in the twilight sky.
Observation and theory indicate that only a small portion of these metallic
atoms are ionized below 100 km. However, recombination rates in the hetero-
sphere are much slower, and a larger fraction will be ionized above 100 km.
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TABLE III-2. NATURAL QUANTITIES OF STABLE
CONSTITUENTS IN THE HETEROSPHERE (REF. III-5).
Constituent
N2
02
O
H
Na
Li
H2 0
CO2
NO
Total Mass
above 105 km
6. 1 x 108 tons
5.3 x 107 tons
1. 1 x 108 tons
20 to 90 tons
20 to 170 kg
30 to 300 g
4 x 103 tons
2 x 105 tons
1.3 x 104 tons
Particles/cm2
above 105 km
2.6 x 1018
1.9 x 1017
7. 7 x 1017
2 x 1012 to 1013
108 to 8 x 10 8
5x 105 to 5 x 106
4 x 1013
6 x 1014
5 x 1013
One of the postulated origins of the alkali metals is from meteors and
micrometeors. Each source introduces about 8 x 104 kg of sodium (,105 kg/
yr total). The residence time for atoms and molecules above 60 to 80 km is
stated to be about 10 years. This means there is about 2000 times more
sodium introduced than is found via airglow and absorption measurements
(which give only free sodium). Presumably, the remainder is tied up as oxides
or some other form. If the major source is assumed to be chondritic meteorites,
then the relative compositions will be as shown in Table III-3.
TABLE III-3.
METALS IN
Element
Li
Na
Mg
Al
Si
K
Ca
RELATIVE ABUNDANCE OF
METEORITES (REF. III-5).
Abundance Relative
To Sodium
2 x 10 - 3
1
1. 9
1. 5
20. 0
0. 12
1. 1
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Another possible source is from the oceans. An argument for this source
is the observed relative abundances, K/Na = 0. 01 to 0. 02 in the upper atmos-
phere and in sea water. In any event, the situation has not been resolved.
One result of the study is based upon a rocket that is defined to intro-
duce 10 kg of a trace element into the atmosphere above 105 km. About 100
to 800 of these rockets would have to be launched each year to double the natural
concentration of sodium, BUT only 0.2 to 2 would double the lithium concentra-
tion. (These quantities are based upon a residence time in the heterosphere
of about one week as opposed to ten years for the total region above 60 to 80 km.)
The same numbers for the turbulent region between 60 to 105 km are 200 to 1700
rockets/year for sodium and 0. 01 to 0. 1 per year for lithium.
The study concluded that injection of most materials would be no problem,
but that lithium and potassium might be significant. (The cesium concentration
in the E region of the ionosphere was stated to be unknown. This was the only
mention of cesium in the report.) The addition of modest amounts of these
materials could modify the natural background. This modification was stated to
be detectable by sensitive spectroscopic measurements but no other effects were
found. This introduced the possibility of using clouds of lithium as tracers for
studying atmospheric circulation. However, repeated use of the same tracer
could result in interference with previous tracers and a reference to this occur-
ring was mentioned.
Low (Ref. III-6) has published a bibliography of contaminant release experi-
ments. A few of his references are summarized here. However, most of the
references were concerned with other aspects. One of Low's references,
Pergament (Ref. III-7) set up a model of chemical release in the upper atmos-
phere and listed a number of references for further work in the area. This would
be a good starting place if one were interested in a model which would require
the application of digital computers.
F6ppl (Ref. III-8) studied the effects of a release at very high altitude. He
mentioned a release of sodium at 156, 000 km geocentric distance from a Soviet
rocket, but no details were given. As a result of his study, he found that they
would need about 5 x 106 photons/cm2 sec and a time of one minute to observe
a cloud. (A high sensitivity film requires about 109 photons/cm2 to obtain an
appreciable density.) A release at 200, 000 km would require about the follow-
ing masses to be observable:
Minimum Mass (kg)
Photoelectric
Image-Converter
Element Photographic Tube
Ca 33 16.5
Sr 38 19
Ba 4.8 2.4
Eu 4 2
Possible effects upon the environment were not considered.
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A number of releases of cesium have been made into the ionosphere to
study the effects of electron clouds, mass transport, and the decay of the
density of electrons in the presence of sunlight (Ref. III-9). Nine of these
were conducted in sunlight within altitudes from 74 to 115 km. In five of the
releases 20 kg of a cesium containing mixture were released. In the others
greater amounts were involved, with the maximum in the range of 80 kg. IVluch
of the movement of material that was observed was due to high altitude winds,
temperature differentials, and other phenomena which will not be useful in
understanding the behavior of releases at altitudes of the type associated with
a satellite. Optical effects could be determined for periods of 5 to 20 minutes,
whereas radio frequency (rf) data could be obtained for as long as one to two
hours. In general, the rf reflectivity was found to be high and varied strongly
with the altitude. General conclusions are that a high electron density can be
achieved over a localized area for purposes of rf reflection for several thou-
sand seconds. The outer wave of small particulate matter moves with a velo-
city of about seven km/sec to a distance of several kilometers, and rapid ion-
ization of the cesium occurs as a result of the sunlight. Actual photoionization
data are not presented, but laboratory data are referenced that show a photo-
ionization time constant for solar radiation of the order of 2000 sec. Therefore,
the experiments expected to achieve one percent photoionization in about 20 sec.
Oxidation of the cesium at the lower release altitudes was relatively rapid
(below about 100 km).
Five releases were made at night at altitudes ranging from 90 to 140 km.
All used 20 kg of a cesium containing mixture. The releases produced a 3500 K
plasma of 10 kg of finely divided alumina, 300 moles of inert gases including
carbon monoxide and hydrogen, 30 moles of cesium and sodium vapors, and a
small amount of cesium ions and electrons. Expansion velocities in the range
of 4 km/sec were found. The persistent liminous cloud produced no adequate
spectral data because of the low intensity, which was estimated to be about
10 - 9 w/cm2 . The continuous emission over 500 seconds produced an estimated
luminous energy of about 2 x 1013 ergs. Since the entire payload contained
only 10 x 1013 ergs, and the efficiency of the conversion process is only in the
range of one percent, there was felt to be a substantial contribution from the
environmental material, possibly oxygen atom recombination.
The rf observations showed an initial radial growth of the electron front
that matched the optical observations. The electron density decayed more
rapidly at the high altitudes than at low ones. In general, the electron yields
were sufficient in the absence of sunlight that the rf reflections could be follow-
ed for about 1000 sec. The visible luminesence from the surface of the reacting
gas mass was visible for minutes and the gas reached the ambient pressure
in one to two seconds.
Some experimental evidence for the behavior of charged particles which
are released in the upper atmosphere has been obtained as a result of high
altitude nuclear explosions. A nuclear explosion releases a large number of
radioactive nuclei, most of which decay by the emission of high energy electrons
(beta particles). The average energy of these is in the million volt range.
The "electron" release rate is very high at first, and then decays rapidly in
an exponential manner. Neutron decay also contributes to the electron source.
These, however, are used up in the first hour or two following the explosion
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because they have a half-life of a few minutes. Hence, the behavior of a step
input of electrons may be investigated, followed by a study of the behavior
with a rapidly decreasing source of electrons.
Two bombs were exploded at relatively low altitudes (for purposes of
this discussion) during August, 1958. One was set off at an altitude of 50
mi and the other at 27 mi. A bright aurora formed almost instantly in the
vicinity of the explosion residue and a similar phenomenon was observed about
a minute later at 14°S latitude, about 2000 mi away from the explosion point.
These probably were due to electrons trapped in the earth's magnetic field
as they spiraled back and forth between their mirror points. Most of these
were trapped in the magnetic field at low altitudes, and had a high probability
of undergoing collisions with atmospheric atoms. As a result, after a few
days, most had suffered collisions which scattered them out of the magnetic
field and they were absorbed in the atmosphere.
Three small bombs were set off on August 27, August 30, and September 6,
1958, at about a 300 mi altitude. The explosions took place over the south
Atlantic Ocean (Project Argus). The resulting electron movement back and
forth between the minor points plus the west to east drift around the earth pro-
duced a well defined radiation belt about 60 mi thick from about 1.7 to 2.2
earth radii. These belts persisted for several weeks before the electrons
leaked out of the magnetic field. The distance of the belt from the earth did
not change significantly during its life.
The Starfish explosion of July 9, 1962 was of much greater magnitude.
Immediate auroras occurred at the 250 mi burst point and 3000 mi away in the
Southern Hemisphere. A radiation belt with a lifetime of years was produced
and several satellites were put out of commission because of damage to their
solar cells. Considerable geomagnetic field disturbance occurred, and the in-
creased ionization in the ionosphere caused trouble with radio communications
over a wide area for days. The residue from the explosion rose rapidly with
the result that a number of the electrons were introduced into the upper atmos-
phere at much higher altitudes than that of the explosion. Many of these were
released in the lower levels of the earth's inner (natural) radiation belt, with
the result that the natural proton flux was disturbed for several months. The
longer life electrons were injected into a belt that extended out to about four
earth radii. The flux of electrons with energies in excess of 0. 25 MeV rose
rapidly with increasing distance from the earth to about 800 mi, then decreased
slowly out to about 2800 mi, and then decreased even more slowly out to a
distance corresponding to the outer part of the Van Allen belt. The initial
electron flux in the vicinity of the maximum was as high as 109 e-/cm 2 sec.
On the average, the higher energy electrons were found at distances from
the earth relatively close to the explosion altitude, and the lower energy
electrons were found at greater distances. The lifetime of the belt was found
to be very short for electrons with mirror points in the lower atmosphere,
as one would expect. Decay of the belt from 1. 2 to 1. 7 earth radii was very
slow (lifetimes of several years), but for distances greater than this, the decay
rate increased with increasing distance. At a distance of about 2. 5 radii, the
belt practically disappeared after a couple of months. The reasons for this
have not been, to our knowlege (and we did not undertake a good literature
search on this point) defined, although several reasons pertaining to magnetic
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field variations have been postulated. In any event, reactions with the atmos-
pheric atoms are not effective as a removal mechanism out beyond about 1.7
earth radii.
Three nuclear explosions were set off by the USSR on October 22,
October 28, and November 1, 1962. These produced belts at higher altitudes
than the previous shots, and most of the effect was observed in the region
between the inner and outer Van Allen belts. The lifetime of the artificial
belts so produced was a few weeks. One of the reasons for the short life
probably was the position of injection into the magnetosphere, at a latitude
of about 70 or 75 0 N, and particles injected at this position should not have a
long life. Another reason may have been disturbance of the geomagnetic field.
According to Cladis (Ref. III-10) the Starfish burst (July 9. 1962)
caused a significant increase in the 55 Mev proton flux. At 275 krn, the
flux increased by a factor of ten. Examination of possible sources of the
protons eliminates the bomb as a source because it is not capable of emitting
such high energy sources. Phenomena associated with the burst also are
considered to be unlikely sources. The increase probably is due to a slight
redistribution of the high energy protons trapped in the inner radiation belt.
A change of about 30 in the equatorial pitch angle has been estimated to be
sufficient to give the observed results.
The Starfish detonation produced a wide variety of phenomena, such as
a magnetic bubble, collision-free shock waves, hydromagnetic waves, micro-
pulsations, whistlers, plasma jets and instabilities, injection of trapped
particles, and redistribution and loss of previously trapped particles. Very
few of the phenomena are well understood theoretically and few relevant ex-
perimental data are available.
Additional information may be obtained by referring to Rosenberg
(Ref. III-11) or to the lists of references contained in the bibliographies in
the reports which have already been discussed.
4. RADIO WAVE PROPAGATION
Considerable work has been done with the propagation of radio waves
with respect to communications and as a tool for the investigation of various
phenomena. None of the work is directly applicable to this study, but some
of it lends an insight to the problems and phenomena involved. According to
Millman (Ref. III-12) tropospheric (to about 30 km altitude) absorption of
radio waves is due to interaction with free molecules and suspended particles
(principally water droplets). In a non-condensed atmosphere, absorption
principally is due to interaction of the radio wave with the electric moment
of the water molecule and with the magnetic moment of the oxygen molecule.
Attenuation in the ionosphere (between about 70 and 1000 km) is due to elec-
tron collision processes.
According to Stone (Ref. III-13), the portion of the radio spectrum below
10 MHz cannot be investigated reliably or at all through the terrestrial iono-
sphere because of reflection, refraction, scattering, or absorption of radio
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signals from celestial sources before they reach the ground. The ground
based observer can use the five decades from 10 MHz to almost 105 MHz.
The three decades from 10 KHz to 10 MHz can be utilized by satellites located
above the troublesome regions of the earth's environment. Observation at
frequencies below 10 KHz would require sending instruments beyond the solar
system.
Pawlik (Ref. III-14) mentions electrical interference in his discussion
of solar electrical propulsion. The problems he referred to were principally
ones which originated within the thruster, and not from the exhaust. They
appeared to be a potential integration problem, but are of no assistance in the
evaluation of the effects of the exhaust.
An interference signal that originated with the electrical converter system
was reported with the Alouette I spacecraft (Ref. III-15). The problem, which
occurred with the very low frequency (vlf) receiver (400 Hz - 10 KHz) only
appeared under special conditions during the day. Osborne (Ref. III-15)
studied this effect and found that interaction of the spaceplasma could explain
the behavior. His proposed mechanism involved a coupling of a DC-DC
converter signal to the solar cells where the distribution of electron collection
over the satellite and its antennas is modified. The degree of coupling is con-
trolled by the V X B effect resulting from the satellites motion in the earth's
magnetic field. The effect appears only in daylight because of a diode which
serves to prevent discharge of the batteries when the cells are not exposed
to the sunlight. This diode disconnects the cells at night. A limited laboratory
study was conducted to verify the proposed mechanism and the Alouette II
was modified to avoid the problem.
Similar results are reported by Hayakawa (Ref. III-16) who conducted
a laboratory study with a DC-DC converter-spacecraft simulation arrangement.
He found that effects did not occur when there was no plasma, but did occur
in the presence of a plasma.
Poehler (Ref. III-17) has pointed out some of the difficulties in an attempt
to determine the behavior of rf in the vicinity of an exhaust plume. In general,
he concludes that the usual simplified approaches are not applicable when the
behavior within the plume varies drastically over a distance corresponding to
the wavelength of the radio waves being considered. Analytic solutions for the
propagation through the inhomogeneous plasma are not available except in the
case of special circumstances and these did not apply to the cases he was
attempting to study. For his purposes, it was necessary to resort to rather
sophisticated computer programs. If this behavior is extrapolated to our cir-
cumstances, it means that rf predictions cannot be made easily for close-in
behavior. Behavior further out should be predictable and order of magnitude
effects probably can be scoped for the close-in behavior. Any hand calcula-
tions must be considered in this light.
5. CHEMICAL REACTIONS IN THE ATMOSPHERE
In this section the chemical reactions that take place in the atmosphere
will be discussed. There will be no attempt to present a complete discussion;
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many reports and several books have been devoted to this subject. Instead,
a few postulated reactions will be presented to give an idea of the type of
behavior that takes place. Most of this material has been taken from references
III-18 and III-19.
In the heterosphere, where there are large differences in composition
with altitude, the effect of the solar radiation is significant. For example,
there are large amounts of atomic oxygen which result from photodissociation
of molecular oxygen. This atomic oxygen is an important atmospheric con-
stituent for a depth of several hundred miles. One reaction that has been
observed is a yellowish glow when nitric oxide gas is introduced. The reaction
is believed to take place according to the reaction:
NO + O NO 2 + photons
NO2 +O - NO +O2
02* - 02 + photons
The base of the heterosphere is composed principally of molecular nitrogen
and oxygen. The proportion of atomic oxygen increases with altitude until,
above about 140 mi there is little molecular oxygen. The number of nitrogen
molecules continues to decrease with altitude, but apparently remains as a
constituent of reasonable concentration up to high altitudes. There is a photo-
dissociation of the molecule that proceeds according to:
N 2 + photon - 2N*
but the probability of this taking place is small. Nevertheless, atomic nitrogen
is a constituent, and its proportion increases with altitude. Apparently, it
always remains as only a minor constituent. Photoionization of nitrogen and
oxygen also occurs. The relative concentration of nitrogen ions increases to
an altitude of about 450 mi, where the maximum ratio of N+/O+ = 0. 07 is
reached.
At even higher altitudes, above 600 mi, the quantities of helium and atomic
hydrogen begin to predominate. At the lower altitudes, these were only minor
constituents. The helium layer is sufficiently high that some of the atoms can
escape from the earth's influence. It apparently is replenished by helium
resulting from alpha decay of radioactive elements within the earth.
The highest layer that may be considered an atmospheric constituent
is that of atomic hydrogen which lies above the helium. The source of this
probably is photochemical decomposition by solar ultraviolet radiation of water
vapor, methane, and hydrogen from the homosphere. Many of the atomic
hydrogen atoms also are ionized to form hydrogen ions and, of course, elec-
trons which always result from an ionization process. These hydrogen ions
normally are referred to as protons, and the region containing them is called
the protonosphere. This extends far into space with the density decreasing
with distance, and the proportion of ionized hydrogen increasing. The density
at about 4000 mi altitude is roughly 4000 atoms/cm3 with about half of the
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material in ag ionized form. At about 40, 000 mi the density is about 30 to
60 atoms/cm , of which almost all is ionized. The density in interplanatory
space is about one to five hydrogen nuclei per cubic centimeter.
The density of the atmosphere at high altitudes is a strong function of
the sun activity, and it is not possible to represent it as having any particular
constant value with altitude. Nevertheless, it is informative to consider
typical values with altitude to get an idea of the type of behavior to expected.
Such a density plot is shown in Figure III-1. This is for a period of maximum
sunspot activity. The density will be lower when the sunspot activity is less.
For our purposes, the differences will be unimportant. The densities are per-
haps not as meaningful in the presented terms as they might be.. Note that at
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Figure III-1. Mass Density of the Atmosphere (Ref. III-18)
an altitude of 500 mi, the density is equivalent to only about 4 x 105 O atoms/
cm 3 . At 1250 mi, it is about 1500 He atoms/cm3 .
In addition to breaking the atmospheric regions down by composition,
many times it is considered with respect to the regions where chemical reac-
tions are taking place. In this case, it is referred to as the "chemosphere".
This region extends, for the most part, to an altitude of about 120 miles, al-
though there really is not any upper limit to the height. The behavior in this
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region, which by definition is the one in which reactions are taking place,
is one in which the minor constituents are very important.
One minor constituent of the region that is of tremendous importance
is ozone. It exists only in the proportion of about one molecule per hundred
thousand air molecules. Yet, it is of vital interest to life on earth since
it strongly absorbs wavelengths greater than about 2100 A to roughly the visible
region (3800 A). This characteristic prevents harmful amounts of ultraviolet
radiation from reaching the earth's surface. Ozone is produced in the reaction:
0 2 + radiation -O0 + O
+O +M 0 
where M is some other atom or molecule. Another reaction that takes place
is:
O +O +M - 02 +M
In the last two equations the presence of the third body is necessary to carry
off the excess energy from the reaction. Without the third body, the chances
would be excellent that the molecule on the right hand side would break up as
a result of the total energy that is contained. At altitudes of over about 60 mi,
the concentration of molecules is low, and the probability of three body colli-
sions also is low. Therefore, the formation rate of 03 is small. This in effect
defines the upper level of the ozone layer.
The absorption of photons by ozone causes the reaction:
03 + radiation ---, 02 + O
Then the following reaction may occur:
03 + 0 - 202
or two oxygen atoms may combine to form 02.
Other chemical reactions are responsible for nightglow. One of the
observed sources appears to be due to oxygen reactions. In effect, an excited
state atom or molecule, O* or 02 is formed which then decays to the ground
state with the emission of one or more photons. The process to form the ex-
cited state occurs during the day when the sun is available as a source of
energy. One of the reactions which may take place is:
0 + O 02*
Another, which can only occur in regions of relatively high density, is:
O+O +O- O + 01
The oxygen molecule that is formed can carry off some of the energy as kinetic
energy, and the emitted wavelength therefore is less energetic than the maximum
possible emission from the previous formation technique. Another reaction
which may take place is of the form:
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O +O + M -° 02 + M
where the third body removes some of the reaction energy. Then:
O2 +O -- 02 +0
also can take place. Another reaction that will explain some of the observa-
tions is:
fo +02 b2
followed by:
02 + e O- + 0
Another wavelength band can be explained by:
03H 2 + H OH*
and hydrogen atoms are regenerated by:
OH + - °02 + H
A number of other constituents have been determined to exist in the upper
atmosphere by observation, in part, of the nightglow. Sodium, potassium,
lithium, calcium, and magnesium all have been reported on the basis of the
nightglow spectrum. Sodium is by far the most abundant. Calcium is on the
threshold of detectability, and magnesium has been seen only, to our know-
ledge, by mass spectrographs at high altitudes. One of the postulated sources
of these elements is from the ocean. Another is from meteroids. A third
was from the high altitude nuclear explosions, but these introduced only tem-
porary effects. The other two may be used to explain different behavior that
has been observed on both a seasonal and a random basis.
Several reactions also take place in the ionosphere. Aside from the
ionization and dissociation processes which can take place and require only
the right kind of energy, the types of chemical reactions which occur are:
M+ + e- M*
MN+ + e- - MC + N
M+e -*M
where M and N are any species which may be present. Other reactions which
involve oxygen and nitrogen are:
-t- - * *N +e . N +N
N 2 + 
+
- NO + + N
+ +
O
+
+ 02 + 02 2
02+ + e - O' + O*
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One may conclude that the necessary energy is available for most reactions
to take place, but that the tendency probably is one of tending to break the
species down to rather simple configurations. There will be few molecules
of a complex nature.
A simple theory of the decay of the daytime ionization levels in the E-
region of the ionosphere will show that the level drops below about 102 e-/cm3
immediately after sunset. Actual levels are higher than this (Ref. III-20). At
a level of 105 km, where a peak in electron density usually appears at night,
the level never falls below 103. A valley in the density between 130 and 200 km
is another characteristic of the nightime behavior. Observed behavior is a
rapid decrease in the electron density immediately following local nightfall,
followed by a period in which the density drops slowly until midnight is reached.
It then slowly rises again until the ionosphere again becomes sunlit. Calcula-
tions based upon assuming the geocornal Ly-5 irradiation with an irradiance
of 10 to 30 R show good agreement with the observations. The recombinations
are thought to take place through a network of sixteen elementary chemical
processes, which will not be presented here.
6. BIOLOGICAL CONSIDERATIONS
According to Sax (Ref. III-21), Cesium compounds have a toxicity that
probably is similar to that of the parent metal unless they contain a more
toxic radical. Cesium is stated to be quite similar to potassium in its elemental
state, but has been shown to have a pronounced physiological action in experi-
ments with animals. Replacement of the potassium with cesium in the diet of
rats caused death in about 10 days. Overall analysis is that there is only a
slight hazard due to ingestion for acute systemic and chronic systemic effects.
The acute and chronic effects are listed as unknown. (No information on humans
that is considered valid by the authors.)
The quantities added to the human environment are significantly lower
than already exist. For example, the reported concentration of cesium in
seawater is 5 x 10 - 4 ppm (Ref. III-22). If the seawater coverage of the earth
is assumed to be 70 percent (an "out of the air" number), the weight of the
uppermost one centimeter layer is:
(4) (rr) (4000) 2 (5280)2 (929) (1) (1) = 5. 19 x 1018 gmins.
The quantity of cesium in this layer would be (5. 19 x 1018) (5) (10 - 4 ) (10-6)
25 x 108 gms, far more than released by proposed ion thrusters.
We may conclude that the quantities of cesium that will be of interest
for this investigation will not be a hazard problem to human life.
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